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Ashland Chemical

Drew Industrial Division Ashland Chemical Company Address Reply;
Division of 
Ashland Oil. Inc.

6842 S. Tucson Blvd. 
Tucson, Arizona 85706 
Tel.; (602) 294-5522 
Fax: (602) 294-5125

July 12, 1995

Mr. Jim Thompson 
DAKOTA MINING COMPANY 
Gilt Edge Mine 
P.O. Box 485 
Deadwood, SD 57732

Dear Jim:

Please find enclosed a review of my activities and recommendations at the 
mine. Included in the progress report are a listing of service visits, activities 
at the mine, and future projects.

The cooperation of the staff at the mine has been excellent. Together we 
have been able to control scale in the leach operation.

Thank you for your continued confidence in our services and products. We 
look forward to continuing to be of service to you.

Account Manager

ASHLAND CHEMICAL COMPANY 

DREW INDUSTRIAL DIVISION

ME:fb

Enclosure

QUALITY

Headquarters:
One Drew Plaza

Telex: 136444 
Fax: (201) 263-3323
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ASHLAND CHEMICAL

Drew Industrial Division

L SERVICE VISITS

I visited the mine on a monthly basis. At each visit I typically analyzed the 
leach solutions and determined their scaling tendency. Based on this analysis, 
I then recommend an appropriate dosage of Millsperse 830® Antisealant. Any 
concerns or inadequacies in the treatment program are brought to your 
attention. I review the feed rates with the operators.

II. ACTIVITIES AND PROJECTS

We have been using Millsperse 830 for the past two years. This product has 
performed well. Millsperse 830 is a cost effective antisealant.

The dosage of Millsperse 830 in the leach solutions has been at 7-9 ppm. The 
leach solutions have not experienced any scale. Some scale was noted in the 
neutralization circuit and therefore this dosage was increased slightly. The 
control of the feeding of the antisealant has been excellent. The operators are 
keeping this feed rate in prescribed ranges.

We added an antisealant feed point to the neutralization sump at the heap. 
There had been scale on the pump in this sump. Therefore, antisealant was 
needed at this location.

Drewgard® 315 Corrosion Inhibitor and catalyzed sulfite were added to the 
heaters at the neutralization building. There had been significant corrosion on 
the tubes in the heaters. Drewgard 315 will provide corrosion control by 
passivating the iron surface with molybdate. The sulfite will remove oxygen 
which causes pitting corrosion.

Drewfloc® 2410 Cationic Flocculant was found to effectively settle the metal 
hydroxides. This product has been used in the treatment of the water in the 
pit. It will be used in the new water treatment plant.

III. FUTURE PROJECTS

As the new sulfide ore is introduced to the system, we will monitor the scaling 
tendency for calcium sulfate. Millsperse 830 is effective in controlling calcite 
and somewhat effective with the control of gypsum. If the primary scale is 
gypsum then we will discuss the use of an antisealant that is primarily 
effective in controlling this type of scale. This will be dictated by the calcium, 
alkalinity, and sulfate concentrations in the leach solutions.-
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ASHLAND CHEMICAL

Drew Industrial Division

\\L CONCLUSIONS

The scale control at the mine has been excellent. The leach water continues 
to have a severe scaling tendency. Millsperse 830 has been performing well.

The cooperation of the staff at the mine has been excellent. Thank you for 
your continued confidence in our products and services.
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Attn: Mr. Martin Quick
Vice President, Operations l(/1 / 93 •

Dear Martin,

Please find enclosed the microbiology report by Jim Brierley as discussed earlier. 
Please feel free to call either Jim or myself if you have any questions.

KML/wc

\ 

NEWMONT METALLURGICAL SERVICE 
A DIVISION OF 

NEWMONT EXPLORATION LIMITED 

417 WAKARA WAY, SUITE 210 

SALT LAKE CITY, UTAH 84108 

K. MARC LE VIER 
DIRECTOR October 29, 1993 

Dakota Mining 
41 0 Seventeenth Street, Suite 2450 
Denver, CO 80202 

Attn: Mr. Martin Quick 
Vice President, Operations 

Dear Martin, 

Please find enclosed the microbiology report by Jim Brierley as discussed earlier. 
Please feel free to call either Jim or myself if you have any questions. 

KMUwc 



telephone 

<800 583 8974

TELEX
453008

NEWMONT METALLURGICAL SERVICES
<800 583 9923

A DIVISION Of

NEWMONT EXPLORATION LIMITED

417 WAKARA WAY. SUITE 210 

SALT LAKE CITY. UTAH 64108

BIOLOGICAL department MEM ORAN P..U.M

July 12, 1993

TO: BWW

FROM:

SUBJECT: MICROBIOLOGY REVIEW OF THE GILT EDGE GOLD DEPOSIT, BLACK
HILLS, SOUTH DAKOTA

Summary: The Gilt Edge Mine has leach grade (0.046 oz Au/ton)
refractory ore. Only 41.3% gold was extracted by direct cyanidation. The 
high sulfide-sulfur content, 3.50%, suggested the gold may be locked in the 
sulfide minerals. Diagnostic testing indicated the locked gold was not in the 
sulfide, rather the refractory gold may be either silica locked or associated 
with silver. Based on the diagnostic testing, biooxidation would not be an 
effective process for pretreatment to enhance recovery of the gold.

Acidophilic iron-oxidizing bacteria, such as Thiobacillus ferrooxidans, were 
cultured from a sample of acid rock drainage emanating from a waste rock 
pile. Given the high sulfide content- of the ore, negligible neutralization 
capacity and the facility with which the bacteria grow on the ore, acid 
drainage problems are to be expected. Unfortunately, testing to date 
indicates no beneficial aspects of biooxidation of the ore.

The Gild Edge Mine was toured May 20, 1993 to evaluate potential for 
microbiological pretreatment of refractory sulfidic ore. Biooxidation of sulfides is evident 
in a waste dump which produces acid rock drainage. The acidic drainage was sampled 
to demonstrate the presence of acidophilic iron-oxidizing bacteria. Samples of ore were 
provided by Laura L. Damon (Metallurgist, Brohm Mining Corp.) for analyses and 
biooxidation testing.

INTRODUCTION

BIOLOGICAL OEPARTMtNT 

TO: 

NEWMONT METALLURGICAL SERVICES 
A DIVISION OF 
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417 WAKARA WAY. SUITE 210 
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MEMORANDUM 

July 12, 1993 

FROM: J. A. Brierley p 
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18011 583·8974 

TELEX 

45300& 

, . ~ 
1801' 583·8923 
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high sulfide-sulfur content, 3.50%, suggested the gold may be locked in the 
sulfide minerals. Diagnostic testing indicated the locked gold was not in the 
sulfide, rather the refractory gold may be either silica locked or associated 
with silver. Based on the diagnostic testing, biooxidation would not be an 
effective process for pretreatment to enhance recovery of the gold. 

Acidophilic iron-oxidizing bacteria, such as Thiobacil/us ferrooxidans, were 
cultured from a sample of acid rock drainage emanating from a waste rock 
pile. Given the high sulfide content- of the ore, negligible neutralization 
capacity and the facility with which the bacteria grow on the ore, acid 
drainage problems are to be expected. Unfortunately, testing to date 
indicates no beneficial aspects of biooxidation of the ore. 

INTRODUCTION 

The Gild Edge Mine was toured May 20, 1993 to evaluate potential for 
microbiological pretreatment of refractory sulfidic ore. Biooxidation of sulfides is evident 
in a waste dump which produces acid rock drainage. The acidic drainage was sampled 
to demonstrate the presence of acidophilic iron-oxidizing bacteria. Samples of ore were 
provided by Laura L. Damon (Metallurgist, Brohm Mining Corp.) for analyses and 
biooxidation testing. 
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MICROBIOLOGICAL ANALYSIS

Acid drainage collected for microbiological investigation was analyzed upon return 
to the laboratory. Table I presents results of testing. The characteristics of the solution 
indicate the occurrence of biooxidation. All of the iron is in the oxidized ferric form. The 
pH, although not extremely low, is acidic. The solution pH 4.01 suggests possible dilution 
effects. The relatively low iron concentration can be attributed to possible dilution and the 
high pH level causing precipitation.

PH 4.01

Eh +514 mV

Ferrous iron 0.0 g/l

Ferric iron 0.61 g/l

Total iron 0.61 g/l

Microbiological analysis demonstrated the presence of acidophilic iron-oxidizing 
bacteria typical of Thiobacillus ferrooxidans.' Microscopic observation of the culture 
bacteria also indicated presence of Leptospirillum ferrooxidans like bacteria. No
moderately-thermophilic (grown at 50°C) were detected in the sample. The
memorandum reporting these results is attached for the record in the Appendix.

Evaluation of microbiological pretreatment of the ore sample is in progress. A 
stirred-tank reactor with shatter-boxed ore at 10% pulp density has been inoculated with 
the native iron-oxidizing bacteria. Growth is evident. However, the diagnostic leaching 
results, discussed below, indicate little beneficial effect for enhanced gold recovery will 
result from biooxidation of the ore.

ORE CHARACTERISTICS

The sample of ore provided for evaluation represents ore placed on a leach pad 
for evaluation of direct cyanide leaching. The characteristics of this sample are provided 
in Table II.1 The ore is leach grade and refractory with only 41.3% extraction with direct 
cyanidation. Preg-robbing is not a cause of the low gold extraction. The ore has high 
sulfide, 3.50%, and low carbonate-C content, 0.05%; based on these values, the net- 
carbonate-value (NCV) for the ore is -4.61. The ore has high potential for acid 
generation and essentially no neutralization capacity.
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MICROBIOLOGICAL ANALYSIS 

Acid drainage collected for microbiological investigation was analyzed upon return 
to the laboratory. Table I presents results of testing. The characteristics of the solution 
indicate the occurrence of biooxidation. All of the iron is in the oxidized ferric form. The 
pH, although not extremely low, is acidic. The solution pH 4.01 suggests possible dilution 
effects. The relatively low iron concentration can be attributed to possible dilution and the 
high pH level causing precipitation. 

TABLE I Analysis of Gilt Edge Mine Acid 
Rock Drainage 

pH 4.01 

Eh +514 mV 

Ferrous iron 0.0 g/1 

Ferric iron 0.61 g/1 

Total iron 0.61 g/1 

Microbiological analysis demonstrated the presence of acidophilic iron-oxidizing 
bacteria typical of Thiobaci/lus ferrooxidans. 1 Microscopic observation of the culture 
bacteria also indicated presence of Leptospiri/lum ferrooxidans like bacteria. No 
moderately-thermophilic (grown at 50°C) were detected in the sample. The 
memorandum reporting these results is attached for the record in the Appendix. 

Evaluation of microbiological pretreatment of the ore sample is in progress. A 
stirred-tank reactor with shatter-boxed ore at 10% pulp density has been inoculated with 
the native iron-oxidizing bacteria. Growth is evident. However, the diagnostic leaching 
results, discussed below, indicate little beneficial effect for enhanced gold recovery will 
result from biooxidation of the ore. 

ORE CHARACTERISTICS 

The sample of ore provided for evaluation represents ore placed on a leach pad 
for evaluation of direct cyanide leaching. The characteristics of this sample are provided 
in Table 11. 1 The ore is leach grade and refractory with only 41.3% extraction with direct 
cyanidation. Preg-robbing is not a cause of the low gold extraction. The ore has high 
sulfide, 3.50%, and low carbonate-C content, 0.05%; based on these values, the net­
carbonate-value (NCV) for the ore is -4.61 . The ore has high potential for acid 
generation and essentially no neutralization capacity. 
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TABLE II Analysis of the Gilt Edge Mine Ore Sample

Au, Fire Assay 0.046 oz/ton

Au, CN extraction 0.019 oz/ton

Au, CN/FA ratio 41.3%

Au, preg-rob 0.123 oz/ton

S-Total 3.97%

S-Sulfate 0.47%

S-Sulfide 3.50

C-Total 0.06

C-Acid insoluble 0.01

As 0.03

Fe 4.43

Diagnostic testing was conducted to determine why the ore is refractory.2 Samples 
were subject to pretreatment by roasting and dissolution in 20% nitric acid to destroy the 
sulfide matrix. Following the respective treatments cyanide extractions were 0.023 oz 
Au/ton (50.0% extraction) and 0.022 oz Au/ton (47.8% extraction). The testing indicates 
the gold is not locked in the sulfide matrix, and biooxidation would not be expected to 
increase recovery. Pretreatment of the ore with aqua regia resulted in 0.036 oz Au/ton, 
or 78.3% extraction, indicating possible silica-lock of the gold. Additional testing 
suggested the refractory gold could also be associated with silver, found present at 0.144 
oz/ton. The memorandum reporting the diagnostic leaching results is attached for the 
record in the Appendix.

JAB/jc

cc; R. Thoreson - Carlin

REFERENCES

1. Hofmann, P. A., "Brohm Mining - Gilt Edge Sample Head Analysis," Memorandum 
to J. A. Brierley, June 29, 1993.

2. Me Guire, M. A., "Brohm Mining Head Sample," Memorandum to J. A. Brierley, 
July 7, 1993.
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Diagnostic testing was conducted to determine why the ore is refractory.2 Samples 
were subject to pretreatment by roasting and dissolution in 20% nitric acid to destroy the 
sulfide matrix. Following the respective treatments cyanide extractions were 0.023 oz 
Au/ton (50.0% extraction) and 0.022 oz Au/ton (47.8% extraction). The testing indicates 
the gold is not locked in the sulfide matrix, and biooxidation would not be expected to 
increase recovery. Pretreatment of the ore with aqua regia resulted in 0.036 oz Au/ton, 
or 78.3% extraction, indicating possible silica-lock of the gold. Additional testing 
suggested the refractory gold could also be associated with silver, found present at 0.144 
oz/ton. The memorandum reporting the diagnostic leaching results is attached for the 
record in the Appendix. 

JAB/jc 

cc: A. Thoreson - Carlin 

REFERENCES 

1. Hofmann, P.A., "Brohm Mining - Gilt Edge Sample Head An~lysis," Memorandum 
to J. A Brierley, June 29, 1993. 

2. Mc Guire, M. A, "Brohm Mining Head Sample," Memorandum to J. A Brierley, 
July 7, 1993. 
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HAZEN

Haxen Research, Inc.
J601 Inoana Street • Golden. CO 80^03 
Tel. (303)279-4501 • Telex 45-860 
Fax (303)278-1528-

March 16, 1994

Mr. Martin Quick 
Dakota Mining Company 
410 17th Street, Suite 2450 
Denver,'Colorado .80202' •

Rc: Diagnostic Leaching of a Dakota Mines Gold Ore Sample .

HRI Project 006*369

Dear Mr. Quick:

Acting on your behalf, Mr. Herb Osborne requested that we perform a diagnostic leach test on a gold 
ore sample. The. sample was sent to us by a Ms. Laura Damon of Bruhm Mining and upon receipt, 
was assigned HRI Sample Number 47126. The results of the test have already been given to Mr. 
Osborne; therefore, the purpose of this letter is to provide documentation for your files.

The as-received sample- was crushed to. ten mesh, and a split was ground for 40 minutes at 50% 
solids ,to produce'a test charge.that was greater-than'80% passing 400 mesh. The test (HRI 2155*50) 

was conducted In five stages..

In the initial stage, the ore was cyanide leached at 30% solids and ambient temperature For 24 hours. 
The cyanide concentration was adjusted to three grams per liter of solution at the start of the test and 
was not maintained, teachable .free gold was removed during this cyanidation and amounted to 

nearly 75% of the-available gold..

In Stage 2. the washed cyanide leach residue from the initial cyarudation was repulped and leached 
with hydrochloric .acid solution (HCI) at 50°C to decompose carbonate and iron hydroxide 
components in the ore. Less than 1.0% additional gold was solubilized in the HCi leach. Once these 
components had .been : destroyed and the gold associated with them had been exposed, another 
cyanidation was .cohducted.. This second cyanidation (Stage 3) was conducted for 24 hours at 
ambient temperature and at. a.cyanide strength of three grams of NaCN per liter of solution. Another 
5% of the available j>61d was extracted during this cyanidation. The residue was rinsed in preparation 

for Stage 4 of the process.

The rinsed residue was repulped and leached In nitric acid solution (HN.Oj) at 50 C to decompose 
the sulfides in the material. The add leach residue was then washed and subjected to a final 
cyanidation for 24 hours at ambient temperature and a cyanide concentration of two grams of NaCN 
per liter of solution, The .additional gold extraction achieved by the combined acid leaching and 

cyanidation was nearly 18%.

MAY—06-1994 08:17

. .An Employee-Owned Company . 

303 278 1529 P.002
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Haten Research, Inc. 
J601 lnaiana Street • Golden. CO 80403 
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Dako1a Mining Company 
410 17th Street, Suite 24SO 
Denver;Colomdo ~0202 ·· · . 

Re: Diagnostic leaching of a Dakota _Mines Gold Ore Sample . 
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Dear Mr. Quick: 

PAGE.002 

'·U~ 
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Mr. Martin Quick 
Dakota Mining Company 
March 16, 1994 
Page 2

Overall, the entire diagnostic leach extracted over 98% of the available gold and all of the available 
silver values in the sample. The remaining 1.8% of the gold is presumed to be encapsulated in silica. 

The attached summary provides more details of the test results.

Enclosed is an invoice in the amount of $750 to cover the cost of the test Should you have any 
questions or require additional information regarding this test or the enclosed invoice, please do not 

hesitate to contact John Gathje or me.

Best regards.

retry i— L/ugiuu<ui. 
Senior Project Engineer

Enclosure

x.c.: J. Gathje, Hazen 

TLD/sm

Hazen Research. Inc.

MAY-06-1994 08:17 303 278 1528 P.003
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Overall, the entire diagnostic ~ extracted over 98% of the available gold and all of the available 

silver values in the sample. The remaining 1.8% of the gold is presumed to be e~ulated in silica. 

The attached summary proVi~ mo~ details of tile test results. 

Enclosed is. an invoice- ill ~ amount of $750 to cover the cost of the ·test Should you have any 

questions Qt require additl9~: tnfonnalion regarding thiS teSt or Che enclosed invoice, p~ do not 

hesitate to contact John· Q111hje. or me. 
• I 

Enclosure 
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Hazen Research. me. 
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Summary of Results for Diagnostic 
Leaching of Dakota Mines Gold Ore Sample

Luca
Stage

Ten
Product

Weight,*

or
. VoLml* "

!__Ar»*r. <«m or tne/l. ________ 51__ _ % Distribution
Au a8 Ao A» Ao A*

CNLeaehl Filtme . 1680 0.61 1.76 1.025 2.957 74.7 66.0
Wtifa 2700 0.08 0.24 0.216 0.648

HQ Leach Rime 1380 0.007 0.5 0.011 0.790 0.7 14.5
Wash 3180 <0.007 <0415

CN Leach 2 Rinse ' ; . 17iM 0BS 0.26 0.053 0.458 3.0 112
' Waih . 30J0 0J01 . 0.03 0.030 0.152

HN03 Leach Rinse. 1710 0.071 0.18 0.121 0.308 . 11.6 5.6
Wash ' 34SO 0.021 <0.03 0.072

CN Leach 3 Filtrate 1620 0.03 0.03 0.081 0.081 ' 62 2.7
Wash 2180 0,01 0.03 0.022 0.065

Solid* ' 890.17 . 0.001 <0.01 0.031 1.8 0.0

Calculated Feed 1000 0.048 0.16 1.662 5.459 100.0 100.0

Overall Distribution of Vitae*: Gold Silver

Baseline Cyanide LeediSelubility a 74.7 % 66.0 ft>

Iran oxide* and/or carbonate* 5.7 ft 23.1 ft

• . , Sulfide*. * 17.8 . 9b 8.3 ft

MAY-06-1994 00:17

Haren Re3earetunc. 

303 278 1528
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. . Summary of Results for Diagaosdc 
Leacbing of·Dakota Mines Gold Ore Sample 
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DATE: MAY EE, 1995

TO: MARTIN QUICK

FROM: KEITH VAN BUREN

SUBJECT: NATIONAL ELECTRICAL CODE SEMINAR IN SALT LAKE CITY, UTAH

On May 5th and 6th, 1995 I attended the National Electrical Code 
Seminar, presented by TECO Inc, in Salt Lake City. Mr. Melvin 
Sanders, who is a member of the National Electrical Code review 
board, the Institute of Electrical and Electronic Engineers review 
board, and the National Fire Protection Association board, presented 
the seminar.

The subjects covered on Friday May 5th were the grounding of power 
and electronic circuits from the 1993 National Fire Protection Code 
79, I.E.E.E. Standard, and the National Electrical Code. Conductor 
sizing, motor protection, and transformer sizing and protection were 
also covered. In the afternoon, a workshop on the designing of 
industrial power systems was conducted.

Material covered on Saturday, May 6th, included selected changes in 
the 1993 regulations, but dealt primarily with the proposed changes 
in the 1996 code. Most of the new proposals deal with energy manage­
ment and the grounding of industrial power systems such as ours here 
at the Gilt Edge Mine.

During the construction of the bio-oxidation test heap in 199^ at the 
Gilt Edge Mine, I contacted the I.E.E.E. regarding the grounding of 
the electrical system on the test heap. Since the heap was to be 
built upon our existing leach pad, which is isolated from earth by 
its liner system, a difference in grounding impedance was a problem. 
The engineers with the I.E.E.E. were very interested in the project 
as there was nothing in the regulations regarding such a situation.

I was asked to make a presentation, during the Salt Lake seminar, on 
the grounding system I designed for the test heap and for our leach 
pad. I presented drawings of the bio-oxidation test, drawings of our 
leach pad construction, photographs of the mine site and leach pad 
area, and ground impedance test procedures and results used on the 
pad grounding system. The information was very well received and 
will be reviewed and used by the I.E.E.E. in the new regulations 
being adopted for industrial sites such as ours. I have been asked 
to review the new regulations and procedures before they are adopted 
and to conduct a tour of our mine site for the panel members this 
summer.

I received 16 hours continuing education credit for my masters 
license while attending the conference.

----------------------------------------------------------------------
DATE: 

TO: 

FROM: 

SUBJECT: 

MAY 22, 1995 

MARTIN QUICK 

KEITH VAN BUREN 

NATIONAL ELECTRICAL CODE SEMINAR IN SALT LAKE CITY, UTAH 

--------------------------------------------------------------------
On May 5th and 6th, 1995 I attended the National Electrical Code 
Seminar, presented by TECO Inc, in Salt Lake City. Mr. Melvin 
Sanders, who is a member of the National Electrical Code review 
board, the Institute of Electrical and Electronic Engineers review 
board, and the National Fire Protection Association board, presented 
the seminar. 

The subjects covered on Friday May 5th were the grounding of power 
and electronic circuits from the 1993 National Fire Protection Code 
79, I.E.E.E. Standard, and the National Electrical Code. Conductor 
sizing, motor protection, and transformer sizing and protection were 
also covered. In the afternoon, a workshop on the designing of 
industrial power systems was conducted. 

Material covered on Saturday, May 6th, included selected changes in 
the 1993 regulations, but dealt primarily with the proposed changes 
in the 1996 code. Most of the new proposals deal with energy manage­
ment and the grounding of industrial power systems such as ours here 
at the Gilt Edge Mine. 

During the construction of the bio-oxidation test heap in 1994 at the 
Gilt Edge Mine, I contacted the I.E.E.E. regarding the grounding of 
the electrical system on the test heap. Since the heap was to be 
built upon our existing leach pad, which is isolated from earth by 
its liner system, a difference in grounding impedance was a problem. 
The engineers with the I.E.E.E. were very interested in the project 
as there was nothing in the regulations regarding such a situation. 

I was asked to make a presentation, during the Salt Lake seminar, on 
the grounding system I designed for the test heap and for our leach 
pad. I presented drawings of the bio-oxidation test, drawings of our 
leach pad construction, photographs of the mine site and leach pad 
area, and ground impedance test procedures and results used on the 
pad grounding system. The information was very well received and 
will be reviewed and used by the I.E.E.E. in the new regulations 
being adopted for industrial sites such as ours. I have been asked 
to review the new regulations and procedures before they are adopted 
and to conduct a tour of our mine site for the panel members this 
summer. 

I received 16 hours continuing education credit for my masters 
license while attending the conference. 
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CHAMBERLIN & ASSOCIATES
7463 West Otero Place 
Littleton, Colorado 80123 
(303) 979-6753

November 13, 1993

Mr. Martin Quick 
Dakota Mining Corporation 
410 17th St., #2450 
Denver, CO 80202

Re: Gilt Edge

Dear Mr. Quick:

Paul D. Chamberlin 
/ Mineral Processing

Several questions were raised during our meeting of 
11/5/93; some of the answers are enclosed-.^

The screen analysis of the(^Polysius core samplers 

enclosed along with information aboCTt—the—s-cnxrtre-^0"f""%He sample. 

The Polysius report and my followup questions about the report 
are also enclosed. Figure 3 of the report shows that the 
crush size was 80% -12 mesh at a roll pressure of 250 MPa 
and it was 80% -5 mesh at a roll pressure of 155 MPa. We 
mixed the two crushed samples for the Degerstrom testwork 
so the average would be 80% -6 mesh

The photos are my only copy (haven't found the negatives) 
so Laura should keep these for inclusion in her final report.

The only mineralogy reports in my files are enclosed. 
Fine gold encapsulated in sulfides and silica was seen. Most 
of the encapsulated gold was in the sulfides.

I looked through my files on bio systems and found 
nothing about Geobiotics.

I have not yet evaluated the maximum throughput 
of the present crushing circuit at 100% -1/2" crush size.
I will do this after I return from Michigan, about 11/25/93.

Sincerely,

Enclosures

. 

CHAMBERLIN & ASSOCIATES 
7463 Wast Otero Place 
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(303) 979-6753 

November 13, 1993 

Mr. Martin Quick 
Dakota Mining Corporation 
410 17th St., #2450 
Denver, CO 80202 

Re: Gilt Edge 

Dear Mr. Quick: 

/ Mineral Processing 

Several questions were raised auring our meeting of 
" 11/5/93; some of the answers are enclosea~\ 

· · The screen analysis of the~-1-y_s_i_u ....... s_c_o_r_e_~ampl~ s 
enclosed along with information ab~ Llre-soarce ~;ample. 
The Polysius report and my followup questions about the report 
are also enclosed. Figure 3 of the report shows that the 
crush size was 80% -12 mesh at a roll pressure of 250 MPa 
and it was 80% -5 mesh at a roll pressure of 155 MPa. We 
mixed the two crushed samples for the Degerstrom testwork 
so the average would be 80% -6 mesh 

The photos are my only copy (haven't found the negatives-;) 
so Laura should keep these for inclusion in her final report. ~ 

The only mineralogy reports in my files are enclosed. 
Fine gold encapsulated in sulfides and silica was seen. Most 
of the encapsulated gold was in the sulfides. 

I looked through my files on bio systems and found 
nothing about Geobiotics. 

I have not yet evaluated the maximum throughput 
of the present crushing circuit at 100% -1/2" crush size. 
I will do this after I return from Michigan, about 11/25/93. 

Sincerely, 

~t2~ 
Enclosures 
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December ), 1987

Randy Barnes 
Kinproo (U.S.A.) Ino. 
Suite CJOO 
5600 S. Quebec St. 
Englewood, CO 80111

Rei Oilt Edge Projeot
Agreement Noe D-84^J-0004

Dear Randy:

Aa per our telephone conversation earlier in the week I have re­
ceived and examined four composites from the Oilt Edge Projeot with 
results as summarised in the accompanying data sheets (Composites 1,
2 4, and 5). Each composite was examined in polished sections pre­
pared from both a head sample and a panned concentrate. Percentage 
composition figures are given for the head sample polished section. 
Photomicrographs are included for each of the samples examined.

Native gold is present in the panned ooncentrate sections as 
liberated particles, as oomposltes with pyrlte in which gold is ex- 
posed at grain margins, and as smaller locked or encapsulated grains in 
dominant pyrlte froo”the sulfide suite. Grain site of observed parti­
cles varies from 5 to 55 microns. Other sulfides accompanying the 
dominant pyrlte (approximately 95* of total sulfides) include marcasite, 
chaloopyrite, arsedopyrlte, sphalerite, pyrrhotite, galena, ohaloooite, 
and oovellite. The latter two copper sulfides are formed as localired 
concentrations from secondary enrichment related to a redox interface. 
All of the samples show some oxidation of sulfides to goethlte, with 
Composite-4 being the most strongly oxidized. In this sample goethlte 
at times forms composites with covellite-chalcocite.

The "as received" samples were ground to minus 70 mesh before 
jvtnrvtng and polished seotion preparation. In the minus 70 mesh mater­
ial liberation of sulfides is in the range between 90* and 95*» implying 
relatively ooarse sulfides in the ore suite. Marcasite is finest 
grained of the sulfide minerals. Most of the sphalerite and pyrrhotite 
00our as looked grains in pyrlte, and ohalcopyrite is present as

01/ftt 
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ill of the samples show some oxidation ot sulfides to goethite, with 

Composite-4 being the moat strongly oxidized. In this sample goethite 

at ti.mee forms composi tea vi th covelli te-chalcoci te. 

The "as received" samplee vere ground to m.irJua 70 mesh before 
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R. Barnet 
Page 2

liberated fragments, as smaller grains locked in pyrite, and rarely 
as remnants locked in the interiors of ohalcooite-covellite aggregates.

Hematite and magnetite are present as remnants from the minor 
accessory suite of the host rock - as are minor quantities of rutile, 
zircon, monazlte, and garnet.

Please let me know if there are questions or problems regarding 
either the data or above sumnary.

Enel. sell M. Hones

R. Bame• 
Page 2 

liberated tragmenta, aa smaller grains locked in pyrite, and rarely 
as remo.anta locked in the interiors of 0haloo0ite-covellite aggregates. 

Hematite and magnetite are present aa remnanta troa the minor 
acce11110?7 suite ot the hoe~ rock - aa are minor quantities ot rutile, 
zircon, monazite, and garnet. 

Please let me knov it there are queationa or problema rega.rdin3 
either the data or above aunmary. 

Enol. 
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February 3• 1988

Randy Barnes 
Minproc (U.S.A.), Inc. 
Suite C300
56OO S. Quebec Street 
Englewood, Colorado 80111

Dear Randy:

Enclosed are results of scanning electron microscope (SEX) examination 
of two samples (1107 Composite 2 - Panned Concentrate, and Composite 1 - 
Rougher Concentrate) of concentrates prepared from *ilt Edge ore 
composites. The data were gathered from three polished seotions - two 
of the Composite 2 sample and one of the Composite 1 sample.

Compositional scans are included for a number of the grains for which 
scanning electron microscope images were prepared. The six grains of 
native gold for which compositions were determined show a range from 
Au-97.6055, Ag-2.4056 to Au-82.15£, Ag-17.85^. Average composition of 
the gold particles is Au-89.^2#, Ag-10.58£. "Long count" determinations 
of both pyrite and marcasite in the samples fails to show any trace of 
gold in the iron disulfide mineral structure. On the other hand, a 
"long count” determination of galena indicates the presence of minor 
amounts of silver in the lead sulfide mineral structure - a conclusion 
previously suggested on the basis of ammonium dichromate geochemical 
tests of galena exposed in the polished sections.

Scanning electron microscope data show that scheellte (calcium tunstate) 
is the carrier for the minor tungsten reported in your chemical deter­
minations. The previously recognized "unknown sulfosalt" mineral is 
shown by the present data to be the rare lead-bismuth-sulfide mineral 
llllianite. This is more a mlneraloglc ouriosity than anything else.

Re: *ilt Edge Project

Optical descriptions of the Composite 2 (and other core-derived composites) 
will be supplied soon. These will contain the descriptive detail (including 
size of gold grains) to go along with the SEX data

,, -
RU■■■LL M. HON■A 
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Dear Randy: 

Peb:ruary 3, 1988 

Re: lilt Edge Project 

Enclosed are results of scanning electron microscope (SEM) examination 
of two samples (1107 Composite 2 - Panned Concentrate, and Composite 1 -
Rougher Concentrate) ot concentrates prepared from lilt Edge ore 
composites. 'fhe data were gathered from three polished seotions - two 
of the Composite 2 sample and one ot the Composite 1 sample. 

Compositional scans are included for a number of the grains for which 
scanning electron microscope images were prepared. · '!'he six graine of 
native gold tor which compositions were determined show a range from 
Au-97.60%, Ag-2.4~ to Au-82.15i, .Ag-17.85%. Average composition of 
the gold pa.rticlee is Au-89.4~, Ag-10.58.. "Long count" determination.e 
of both pyrite and marcasite i.n the eamplee fails to show any trace of 
gold in the iron disulfide mineral structure. On the other ha.nd, a 
"long count" determination of galena indicates the presence of minor 
amounts of silver in the lead sulfide mineral structure - a coc.cluaion 
previously suggested on the basis of amnonium dichromate geochemical 
tests of galena exposed in the polished sections. 

Scanning electron microscope data show that echeelite (oalciWII tunatate) 
is the carrier for the minor tungsten reported in your chemical deter­
minations. '!'he previously recognized "unknown aul:tosalt" mineral ia 
shown by the present data to be the rare lead-bismuth-sulfide mineral 
lillianite. This ie more a mineralogic curiosity than~ else. 

Optical descriptions of the Composite 2 (and other core-derived composites) 
will be supplied soon. These will contain the descriptive detail ( including 
siu of gold graina) to go along with the SEN data 
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R. Bamea

Please let me know if there are questions regarding the data. My own 
feeling at this stage is that we have pretty compelling evidence 
showing the occurrence of gold in both liberated and encapsulated or 
locked particles (in both sulfides and silicate gangue). The locked 
particles are usually smaller than those that are liberated, and it is 
difficult to estimate with any precision the relative proportions of
gold present in each occurrence.
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R. Barnes 

Please let me know if there are question., regarding the data. My own 
feeling at. this stage is' that we, have pretty. compelling ·evidence 
sho)(ing the·occurrence ot gold 1n both liberated and encapsulated or 
locked particles (in bothsul:f'ides and·eilicate gangue). The locked 
particles are usually smaller th.an those that are liberated, and it is 
difficult to estimate with any precision the relative proportions ot 
gold present in each occurrence. 
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SUMMARY OF SCAMMIM* ELECTRO* MICROSCOPE DATA

Mo. 1

Mo.

Me. 3

Mo. 4

Mo. 5

Mo. 6

Mo. 7

Mo. 6

•ILT EDGE PROJECT, SOUTH DAIOTA

. 1107 Composite 2 (Panned Concentrate)

Mative gold (locked) - ka-91.60%, Ag-2.40<£
Pyrite

1107 Composite 2 (Panned Concentrate)

Pyrite
Karcaaite - no indication of Au in structure. 
Chalcopyrite - no indication of gold in structure.

1107 Composite 2 (Panned Concentrate)

Mative gold (liberated) - Au-84.08£, Ag-15*92£
Pyrite

1107 Composite 2 (Panned Concentrate)

Lillianite - Pb-rB^Sg with iron oxide 
Pyrite

1107 Composite 2 (Panned Concentrate)

Mative gold (liberated) - Au-82.15£» Ag-17.85£
Pyrite

1107 Composite 2 (Panned Concentrate)

Mative gold (liberated) - An-89.05£, Ag-10.95£
Pyrite

1107 Composite 2 (Panned Concentrate)

Mative gold (liberated) - An-89.05£» Ag-10.950* with small 
inclusions of pyrite 

Pyrite 
Karcaaite 
Sphalerite

1107 Composite 2 (Panned Concentrate)

Mative gold (liberated) - An-94.57*, Ag-5.4^
Pyrite - no indication of gold in structure.

r 
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SUMMARY OF SCAJOfI)(f El..EC'?'RO• Y.ICROSCOPE DATA 

GILT EDOE PROJECT, SOU'!'H DilOTA 

Ko. 1. 1107 Composite 2 (Panned Concentrate) 

Xative gold (locked) - Au-97.60'/,, A.g-2.40% 
Pyrite . 

1'0. 2 1107 Composite 2 (Panned Concentrate) 

Pyrite 
)(arcasite - no indication of Au in structure. 
Chalcopyrite - no indication of gold in structure. 

Kc. 3 1107 Composite 2 (Panned Concentrate) 

Wative gold (liberated) - Au-84.o6%, A.g-15.92% 
Pyrite 

Xo. 4 1107 Composite 2 (Panned Concentrate) 

Lilliani te - PbyB1236 'Id th iron oxide 
Pyrite 

llo. 5 1107 Compoei te 2 ( P&Ililed Cone entra te) 

Wative gold (liberated) - Au-82.15%, -48-17.85% 
Pyrite 

Jlo. 6 1107 Composite 2 (Panned Concentrate) 

Wative gold (liberated) - Au-89.05., Ag-10.9~ 
Pyrite 

Jk). 7 1107 Composite 2 (Panned Concentrate) 

•ative gold (liberated)• Au-89.05~, Ag-10.9~ with small 
incluaiona ot pyrite 

Pyrite 
Maroaeite 
Sphalerite 

So. 8 1107 Composite 2 (Panned Concentrate) 

Xative gold (liberated) - Au-94.57~, -48-5.4~ 
Pyrite - no indication ot gold in structure. 



5.0 MINERAIOGY

Mineralogical investigations were carried out on each of the diamond 
drill core canposited rock types. The guidelines followed were those 
outlined in the Work Order Request to Russ Honea shewn in Appendix B. 
The detailed mineralogical reports submitted by Russ Honea detailing 

all Phase II mineralogical work are attached in Appendix c.

The objectives of the mineralogical investigations of Phase II were 

to:

1) Compare the mineralogy of diamond drill core to that of the 
rotary drill cuttings of Phase I.

2) Confirm the occurrence of gold in the composites mineralization.

3) Identify the occurrence of silver in the drill core composites 
mineralization.

The mineralogical examination of the diamond drill core composites 
shewed that the mineralogy of the core agrees quite well with the 
previously reported information on the rotary cuttings. That is, the 
composite samples examined contained free liberated gold as well as 
very finely dispersed gold surrounded or encapsulated by mainly 
sulfides but with seme silicate gangue locking and encapsulation. 
The range in size of gold particles seen in the core composites 
varies fran 3 to 144 microns with an average of 57 microns. The 
locked or encapsulated gold particles are usually smaller than those 
that are liberated and no reasonable estimate could be made of the 
relative proportions of gold present in each occurrence.

Silver was found to be occurring in the following order of abundance:

1) Within the structure of the galena mineral

2) Within native gold in varying amounts

3) Occurring in minor amounts in tetrahedrite-tennantite.

The above mentioned occurrence of silver is most likely the reason 
for the silver recovery variability in the test work.

A large particle of gold was found in the leach residue of a bulk 
sulfide flotation concentrate. The particle should have been leached 
but was not. It was suspected that slew dissolution rates might be

40081/042588 V-l
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SEX:.'TION V 

Mineralogical investigations were carried out on eadl of the d.iarrorrl 
drill core cx:riposited rock types. 'Ihe guidelines follCME!d were those 
ootlined in the Work Order Request to Russ Honea shown in lq:p=rrlix B. 
'Ihe detailed mineralogical I'e{X)rts sul::xnitted by Russ Honea detaili.rq 
all Fhase II mineralogical ~rk are attached in~ C. 

'Ihe objectives of the mineralogical investigations of Rlase II were 
to: 

1) canpare the m.ineralO:W of cliarrorrl drill core to that of the 
rotary drill cuttin;Js of Rlase I. 

2) Confinn the cx:currence of gold in the composites mineralization. 

3) Identify the cx:currence of silver in the drill core a::,mposites 
mineralization. 

'Ihe mineralogical examination of the diarrorrl drill core OJ!tlf.X)Sites 
shCME!d that the mineralO:W of the core agrees quite well with the 
previa.isly reported information on the rotary cutti.rqs. 'lllat is, the 
cxttp:,site sanples examined contained free liberated gold as well as 
very finely dispersed gold surrourrled or encaF,Slllated by trainly 
sulfides but with sane silicate ~e lockirq arrl encapsulation. 
'!he ~e in size of gold particles seen in the core cx:ttlf.X)Si tes 
varies from 3 to 144 microns with an average of 57 microns. 'Ihe 
locked or ~ated gold particles are usually smaller than those 
that are liberated arrl no reasonable estimate ccw.d be nade of the 
relative prq:ortion.s of gold present in each occurrence. 

Silver was fcmrl to be oc.currirq in the follc,,..,i.rq order of a.l:>urx3ance: 

1) Within the structure of the galena mineral 

2) Within native gold in varyi.rq annmts 

3) Occurrirq in minor aroc,unts in tetrahedrite-tennantite. 

'lhe above mentioned occurrence of silver is nost likely the reason 
for the silver recovery variability in the test ~rk. 

A large particle of gold was foorx:l in the leach residue of a rul..k 
sulfide flotation corx::entrate. 'Ihe particle shaJ.ld have been leached 
l:ut was not. It was suspected that slc,,.., dissolution rates might be 
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occurring due to the fact that sane of the gold could be occurring as 
electrum. Therefore, compositional scans were conducted on three 
polished sections, two of Composite #2 and one of Composite #1, for 
which scanning electron microscope images were prepared. The six 
grains of native gold for which scans were performed shewed a range 
of gold to silver from Au - 97.60%, Ag - 2.40% to Au - 82.15%, Ag - 
17.85%. The average composition of the six particles was Au - 
89.42%, Ag - 10.58%. These ratios of gold to silver are not high 
enough to result in slew dissolution rates.

SEM scans were also performed' on both the sulfide minerals pyrite and 
marcasite to determine if there was gold contained within the 
minerals structure. The scans failed to shew any trace of gold in 

the mineral structures.

In conclusion the gold in the core composites occurs as free gold and 
finely dispersed locked or encapsulated gold with the majority being 
locked with sulfides but seme being locked with silicate gangue.
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Attn: Mr. Martin Quick
Vice President, Operations

Dear Martin,

u/i/93

Please find enclosed the microbiology report by Jim Brierley as discussed earlier. 
Please feel free to call either Jim or myself if you have any questions.

KMIVwc

. , . . 

NEWMONT METALLURGICAL SERVICE 
A DIVISION OF 

NEWMONT EXPLORATION LIMITED 

417 WAKARA WAY, SUITE 210 

SALT LAKE CITY, UTAH 84108 

K MAAC LE VIER 
DIRECTOR October 29, 1993 

Dakota Mining 
41 O Seventeenth Street, Suite 2450 
Denver, CO 80202 

Attn : Mr. Martin Quick 
Vice President, Operations 

Dear Martin, 

Please find enclosed the microbiology report by Jim Brierley as discussed earlier. 
Please feel free to call either Jim or myself if you have any questions. 

LOirector 

KMUwc 



TELEPHONE 

(001) 583-8974

NEWMONT METALLURGICAL SERVICES
A 0IVISION OF

NEWMONT EXPLORATION LIMITED

417 WAKARA WAY. SUITE 210 

SALT LAKE CITY. UTAH 84108

TELEX

453006

FAX

(eon 583-8923

8>OLOGtCAL DEPARTMENT MEMORANDUM

July 12, 1993

TO:

FROM:

SUBJECT:

J. A. Brierley

MICROBIOLOGY REVIEW OF THE GILT EDGE GOLD DEPOSIT, BLACK 
HILLS, SOUTH DAKOTA

Summary: The Gilt Edge Mine has leach grade (0.046 oz Au/ton)
refractory ore. Only 41.3% gold was extracted by direct cyanidation. The 
high sulfide-sulfur content, 3.50%, suggested the gold may be locked in the 
sulfide minerals. Diagnostic testing indicated the locked gold was not in the 
sulfide, rather the refractory gold may be either silica locked or associated 
with silver. Based on the diagnostic testing, biooxidation would not be an 
effective process for pretreatment to enhance recovery of the gold.

Acidophilic iron-oxidizing bacteria, such as Thiobacillus ferrooxidans, were 
cultured from a sample of acid rock drainage emanating from a waste rock 
pile. Given the high sulfide content of the ore, negligible neutralization 
capacity and the facility with which the bacteria grow on the ore, acid 
drainage problems are to be expected. Unfortunately, testing to date 
indicates no beneficial aspects of biooxidation of the ore.

INTRODUCTION

The Gild Edge Mine was toured May 20, 1993 to evaluate potential for 
microbiological pretreatment of refractory sulfidic ore. Biooxidation of sulfides is evident 
in a waste dump which produces acid rock drainage. The acidic drainage was sampled 
to demonstrate the presence of acidophilic iron-oxidizing bacteria. Samples of ore were 
provided by Laura L. Damon (Metallurgist, Brohm Mining Corp.) for analyses and 
biooxidation testing.
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refractory ore. Only 41.3% gold was extracted by direct cyanidation. The 
high sulfide-sulfur content, 3.50%, suggested the gold may be locked in the 
sulfide minerals. Diagnostic testing indicated the locked gold was not in the 
sulfide, rather the refractory gold may be either silica locked or associated 
with silver. Based on the diagnostic testing, biooxidation would not be an 
effective process for pretreatment to enhance recovery of the gold. 

Acidophilic iron-oxidizing bacteria, such as Thiobacil/us ferrooxidans, were 
cultured from a sample of acid rock drainage emanating from a waste rock 
pile. Given the high sulfide content of the ore, negligible neutralization 
capacity and the facility with which the bacteria grow on the ore, acid 
drainage problems are to be expected. Unfortunately, testing to date 
indicates no beneficial aspects of biooxidation of the ore. 

INTRODUCTION 

The Gild Edge Mine was toured May 20, 1993 to evaluate potential tor 
microbiological pretreatment of refractory sulfidic ore. Biooxidation of sulfides is evident 
in a waste dump which produces acid rock drainage. The acidic drainage was sampled 
to demonstrate the presence of acidophilic iron-oxidizing bacteria. Samples of ore were 
provided by Laura L. Damon (Metallurgist, Brahm Mining Corp.) for analyses and 
biooxidation testing. 
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MICROBIOLOGICAL ANALYSIS

Acid drainage collected for microbiological investigation was analyzed upon return 
to the laboratory. Table I presents results of testing. The characteristics of the solution 
indicate the occurrence of biooxidation. All of the iron is in the oxidized ferric form. The 
pH, although not extremely low, is acidic. The solution pH 4.01 suggests possible dilution 
effects. The relatively low iron concentration can be attributed to possible dilution and the 
high pH level causing precipitation.

I TABLE I Analysis of Gilt Edge Mine Acid 

Rock Drainage

pH 4.01

Eh +514 mV

Ferrous iron 0.0 g/l

Ferric iron 0.61 g/l

Total iron 0.61 g/l

Microbiological analysis demonstrated the presence of acidophilic iron-oxidizing 
bacteria typical of Thiobacillus ferrooxidans.' Microscopic observation of the culture 
bacteria also indicated presence of Leptospirillum ferrooxidans like bacteria. No 
moderately-thermophilic (grown at 50°C) were detected in the sample. The
memorandum reporting these results is attached for the record in the Appendix.

Evaluation of microbiological pretreatment of the ore sample is in progress. A 
stirred-tank reactor with shatter-boxed ore at 10% pulp density has been inoculated with 
the native iron-oxidizing bacteria. Growth is evident. However, the diagnostic leaching 
results, discussed below, indicate little beneficial effect for enhanced gold recovery will 
result from biooxidation of the ore.

ORE CHARACTERISTICS

The sample of ore provided for evaluation represents ore placed on a leach pad 
for evaluation of direct cyanide leaching. The characteristics of this sample are provided 
in Table II.1 The ore is leach grade and refractory with only 41.3% extraction with direct 
cyanidation. Preg-robbing is not a cause of the low gold extraction. The ore has high 
sulfide, 3.50%, and low carbonate-C content, 0.05%; based on these values, the net- 
carbonate-value (NCV) for the ore is -4.61. The ore has high potential for acid 
generation and essentially no neutralization capacity.
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MICROBIOLOGICAL ANALYSIS 

Acid drainage collected for microbiological investigation was analyzed upon return 
to the laboratory. Table I presents results of testing. The characteristics of the solution 
indicate the occurrence of biooxidation. All of the iron is in the oxidized ferric form. The 
pH, although not extremely low, is acidic. The solution pH 4.01 suggests possible dilution 
effects. The relatively low iron concentration can be attributed to possible dilution and the 
high pH level causing precipitation. 

TABLE I Analysis of Gilt Edge Mine Acid 
Rock Drainage 

pH 4.01 

Eh +514 mV 

Ferrous iron 0.0 g/1 

Ferric iron 0.61 g/1 

Total iron 0.61 g/1 

Microbiological analysis demonstrated the presence of acidophilic iron-oxidizing 
bacteria typical of Thiobacil/us ferrooxidans. 1 Microscopic observation of the culture 
bacteria also indicated presence of Leptospirillum ferrooxidans like bacteria. No 
moderately-thermophilic (grown at 50°C) were detected in the sample. The 
memorandum reporting these results is attached for the record in the Appendix. 

Evaluation of microbiological pretreatment of the ore sample is in progress. A 
stirred-tank reactor with shatter-boxed ore at 10% pulp density has been inoculated with 
the native iron-oxidizing bacteria. Growth is evident. However, the diagnostic leaching 
results, discussed below, indicate little beneficial effect for enhanced gold recovery will 
result from biooxidation of the ore. 

ORE CHARACTERISTICS 

The sample of ore provided for evaluation represents ore placed on a leach pad 
for evaluation of direct cyanide leaching. The characteristics of this sample are provided 
in Table 11. 1 The ore is leach grade and refractory with only 41.3% extraction with direct 
cyanidation. Preg-robbing is not a cause of the low gold extraction. The ore has high 
sulfide, 3.50%, and low carbonate-C content, 0.05%; based on these values, the net­
carbonate-value (NCV) for the ore is -4.61. The ore has high potential for acid 
generation and essentially no neutralization capacity. 
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TABLE II Analysis of the Gilt Edge Mine Ore Sample |

Au, Fire Assay 0.046 oz/ton

Au, CN extraction 0.019 oz/ton

Au, CN/FA ratio 41.3%

Au, preg-rob 0.123 oz/ton

S-Total 3.97%

S-Sulfate 0.47%

S-Sulfide 3.50

C-Total 0.06

C-Acid insoluble 0.01

As 0.03

Fe 4.43

Diagnostic testing was conducted to determine why the ore is refractory.2 Samples 
were subject to pretreatment by roasting and dissolution in 20% nitric acid to destroy the 
sulfide matrix. Following the respective treatments cyanide extractions were 0.023 oz 
Au/ton (50.0% extraction) and 0.022 oz Au/ton (47.8% extraction). The testing indicates 
the gold is not locked in the sulfide matrix, and biooxidation would not be expected to 
increase recovery. Pretreatment of the ore with aqua regia resulted in 0.036 oz Au/ton, 
or 78.3% extraction, indicating possible silica-lock of the gold. Additional testing 
suggested the refractory gold could also be associated with silver, found present at 0.144 
oz/ton. The memorandum reporting the diagnostic leaching results is attached for the 
record in the Appendix.

JAB/jc

cc: R. Thoreson - Carlin

REFERENCES

1. Hofmann, P. A., "Brohm Mining - Gilt Edge Sample Head Analysis," Memorandum 
to J. A. Brierley, June 29, 1993.

2. Me Guire, M. A., "Brohm Mining Head Sample," Memorandum to J. A. Brierley, 
July 7, 1993.
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TABLE 11 Analysis of the Gilt Edge Mine Ore Sample 

Au, Fire Assay 0.046 oz/ton 

Au, CN extraction 0.019 oz/ton 

Au, CN/FA ratio 41.3% 

Au, preg-rob 0.123 oz/ton 

S-Total 3.97% 

S-Sulfate 0.47% 

S-Sulfide 3.50 

C-Total 0.06 

C-Acid insoluble 0.01 

As 0.03 

Fe 4.43 

Diagnostic testing was conducted to determine why the ore is refractory.2 Samples 
were subject to pretreatment by roasting and dissolution in 20% nitric acid to destroy the 
sulfide matrix. Following the respective treatments cyanide extractions were 0.023 oz 
Au/ton (50.0% extraction) and 0.022 oz Au/ton (47.8% extraction). The testing indicates 
the gold is not locked in the sulfide matrix, and biooxidation would not be expected to 
increase recovery. Pretreatment of the ore with aqua regia resulted in 0.036 oz Au/ton, 
or 78.3% extraction, indicating possible silica-lock of the gold. Additional testing 
suggested the refractory gold could also be associated with silver, found present at 0.144 
oz/ton. The memorandum reporting the diagnostic leaching results is attached for the 
record in the Appendix. 

JAB/jc 

cc: R. Thoreson - Carlin 

REFERENCES 

1. Hofmann, P. A., "Brohm Mining - Gilt Edge Sample Head Analysis," Memorandum 
to J. A Brierley, June 29, 1993. 

2. Mc Guire, M. A, "Brohm Mining Head Sample," Memorandum to J. A Brierley, 
July 7, 1993. 



Oxygen roasting 
of refractory gold ores

Michael Brittan

Shown here is an aerial view of Independence Mining Co.'s Jerritt Canyon metallurgical complex, located north of Elko, NV

For several years. Independence 
Mining Co. (IMC) has routinely used 
oxygen fluid-bed roasting to pre-oxidize 
refractory gold ores ahead of 
conventional carbon-in-leach (CIL) 
processing. Oxygen senes jointly as 
the fluidizing medium and the 
combustion gas. This technology has 
proven to be reliable, environmentally 
sound and cost-effective.

IMC is a subsidiary of the Minorco 
group. I hecompany operates the Jerritt 
Canyon l a joint venture w ith FMCGold i 
and Hig Springs gold mines in the 
Independence mountain ranee north of 
Elko. NV.

Ore bodies in the range contain 
characteristic refractory ore. It requires 
pre-oxidation ahead of corn, entional CIL 
processing This article describes the 
technology des eloped specifically to 
treat these dittisuh ores

“< J CNG'r.. €» V,

locatonTispo* independence M ning's Jerritt 
C-j'.yan 30a operation

Native gold generally occurs 
disseminated as micron- to submicron­
sized inclusions intergroun with, or 
encapsulated in. pyrite. goethite 
oxidation pseudomorphs of pyrite, and 
quartz or silicate gangue Aside from 
the dominant pyrite. lesser sulfides 
present are arsenopyrite. marcasite, 
stibnite and realgar. The oresalsocontain 
microfine organic carbon and 
photographite. The gangue isdominated 
by silicates containing barite and the 
carbonates calcite and dolomite. Minor 
gangue minerals include zircon, rutile, 
ilmenite and magnetite.

Michael Brittan is Consult ng Metallurgical 
Engmeer. Independence Mining Co . Inc.. 
5251 DTC Parkway. Suite 700, Eng ewood, 
CO 80111 Brittan presented the paper on 
which this article is based a' the Northwest 
Mining Association Meeting No. 29 Dec. 2, 
1994. in Spokane WA
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Oxygen roasting 
of refractory gold ores 

Michael Brittan 

Shown here ls an aerial view of Independence Mining Co.'s Jerritt Canyon metallurgical complex, located north of Elko, NV. 
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Fig. 1

Refractory characteristics
Jerritt Canyon ores are refractory on 

two counts. First, gold particles that 
may be free or only partially occluded 
will be amenable to reaction with cyanide 
and oxygen in classic leaching fashion. 
However, the gold-cyanide complex will 
immediately be adsorbed from the 
solution by the organic carbon, which is 
highly active. Due to the intimate 
association of the gold and carbon in the 
ore. this preg-robbing overrides gold 
recovery on activated charcoal added in 
a conventional CIl. circuit.

Second, gold particles occluded in 
pyrite are effectively screened from 
contact with cyanide in solution. Big 
Springs ores tend to be higher in pyrite 
and lower in carbon than those at Jerritt 

Canyon.
Destruction of the pyrite matrix by 

oxidation and passivation of the active 
sites on the native carbon are required to 
extract the gold. The gold locked in 
quartz or silicates is not liberated at 
practical grinds in a mill and may. 
therefore, be considered as true 
unrecoverable tails.

Processing options
Processing options for Jerritt 

Canyon-type ores are limited to pre­
oxidation methods that can destroy the 
sulfides as well as the activity of the 
native carbon. Acidic autoclaving is 
precluded because of the basicity of the

ores (which will 
incur high acid 
consumption) and 
the inability of 
pressure oxidation 
to passivate the 
organic carbon, 
except under very 
stringent and costly 
conditions of temp­
erature and pres­
sure. Alkaline auto­
clave oxidation, 
even under extreme 
conditions, has not 
been able to gen­
erate adequate gold 
recovery. Bio­
logical or chemical 
oxidation are sim­
ilarly limited in their 
ability to deal with 
the organic carbon 
difficulty.

Chlorination has 
been used effec­
tively since the start­
up of Jerritt Canyon 
in 1981. Chlorine 
serves a dual 

function of oxidizing the sulfides, 
thereby liberating the occluded gold, 
and of passivating the active sites on the 
carbon particles.

However, ores in which most of the 
gold is locked in pyrite tend to be more 
refractory. These ores require substantial 
sulfide oxidation to achieve reasonable 
gold recoveries. The associated chlorine 
consumption adversely affects process 
economics, particularly for high-sulfidc 

ores.

Oxygen roasting
A trend toward more refractory ore 

and higher chlorine prices prompted 
development of the whole-ore oxygen 
roasting process. This resulted in the 
commissioning of facilities at 1MC s 
Bie Springs and Jerritt Canyon mines in 

1989.
This process solves the refractory 

problem by combusting the sulfides and 
organic carbon to virtual completion. 
This renders the gold amenable to high 
recovery by conventional cyanidation. 
Process rights are owned jointly by 1MC 
and Freeport-McMoRan, the original 
developer of the technology. The history 
of the developments at Jerritt Canyon 
and Big Springs is described in the 

literature.
Roasting ore in fluidized bed reactors 

(an outgrowth of the fluid-bed catalytic- 
cracking units used in the petroleum 
industry) and using oxygen as the

fluidizing/combustion gas are key 
factors embodied in the technology. 
They provide a process with economic 
advantages over alternative oxidation 
methods for relevant ore types in terms 
of gold recovery efficiency and costs.

Fluid-bed roasting makes for a low 
capital cost, low maintenance operation 
with effective process control. It is 
well-suited to roasting 1MC ores due to 
the exothermic combustion of the natural 
fuel inherent in the ore’s sulfide and 

carbon components.
Use of pure oxygen avoids nitrogen 

dilution. This substantially reduces the 
size (and hence the capital cost) of the 
equipment. And it provides a more 
favorable chemical reaction regime. By 
fixing sulfide oxidation products and 
elements such as arsenic in the solid 
phase, the system is alsoenvironmentally 

attractive.

Current facilities
The chlorination and roasting 

processes currently operate side-by-side 
at Jerritt Canyon (Fig. 1). Each treats 
more than 3.6 kt/d (4000 stpd) of ore. 
Chlorination is used to pre-oxidize less 
refractory ores. Roasting is used for the 
more refractory varieties.

The Jerritt Canyon roasting circuit 
was installed in 1989 at a capital cost of 
$55 million. This included crushing, 
grinding, twin roasters, off-gas handling, 
quenching, thickening, CIL and carbon 
elution. It did not include the oxygen 
plant. On a stand-alone basis, the 
operating cost from primary crushing 
through tai Is disposal is less than $ 16.50/ 

t (S15/st).
The complete 1.1-kt/d (1200-stpd) 

Big Springs facility, including the 
tailings dam but excluding the oxygen 
plant, cost S26 million. This plant is 
now shut down due to depiction of the 

mine’s ore reserve.

Crushing and grinding circuit
The Jerritt Canyon mill that feeds the 

roasters operates on a dry basis through 
crushing and grinding. This avoids 
expending fuel to vaporize and raise to 
roasting temperature water that would 
otherwise be associated with 
conventional wet grinding circuits. 
Water vapor would also add 
unnecessarily to the gas volumes to be 
handled in the roasters and the off-gas 
train. This would increase the size and 
capital cost of the equipment. Follow ing 
quenching of the roaster calcine, 
processing continues in conventional 
w et slurry form through thickening and 
CIL. Figure 2 shows Jerritt Canyon’s 

flowsheet.
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organic carbon to virtual completion. 

Thi rend r the gold amenable to high 

ri:-cove ry by conven tional cyanidation. 

Proces rightsareownedj intlybylMC 

and Fri::cport- 1c oRan, the original 

dcve loperofthete hnolog . Thehi tory 

of the development s at Jerritt Canyon 

and Big ' pring i d1:.. ·c ri bcd in the 

l•teratur . 
Ro:1 ·ting ore in 0u idized bed reactor. 

( an ou tg rowth of the fluid -bed cata lytic­

L raL 1.ing units u ed in the petroleum 

1ndu-,tr)) and u ing oxygen a the 

flu idizing/ ombu tion ga are ke} 

factor · embodi ed in the techn logy. 

They provide a proce with economic 

advantage o er alternative o. idation 

methods for relevant ore type in term 

of gold recovery efficiency and cost . 

Fluid-bed roasting make for a lo 

capital cost, low maintenance operation 

with effective proce control. It i 

well - uited to roasting IMC ore due to 

theexothermiccombu tion of the natural 

fuel inherent in the ore's sulfide and 

carbon component . 
e of pure oxygen avoid nitrogen 

dilution. This substantially reduces the 

size (and hence the capital cost) of the 

equipment. And it provide a more 

favorable chemical reaction reg ime. By 

fixing sulfide oxidation products and 

element uch as ar enic in the solid 

pha e, the system i al oenvironmentally 

attractive. 

Current facilities 
The chlorination and roasting 

proc e currentlyoperate ide-by-sidc 

at J rri n an yon (Fig. l ). Ea h treats 

more than 3.6 kt/d (4000 stpd) of or . 

hlorination i used to pre-oxidize le 

refractory ores. Roa ting is u ed for the 

more refractory varieti e . 

The Jerritt Canyon roasting circuit 

wa in tailed in 1989 at a capital co t of 

$55 million . This included crushing. 

grinding, twi nroa'>ter ,off-ga handling. 

quenching. th ickening, CIL and carbon 

lution. It did not in lude the oxygen 

plant. On a stand-alone basis, the 

operating co t from primary cru hing 

through tail d ispo al is less than$16.50/ 

I ($15/st). 
The complete 1. 1-kt/d ( 1200-stpd) 

Big Springs fa ci lity, i nc luding the 

taili ngs dam but excluding the oxygen 

plant. co t _6 million. Thi plant is 

now hut down due to depiction of the 

mine 'sore re erve. 

Crushing and grindi11 circuit 
The Jerri tt Canyon mill that feed the 

roa ters operates on a dry basis through 

crushing and grinding. Thi avoid 

expending fuel to aporize and rai e to 

roasting temperature water that would 

ot herwi c be a ociated with 

conventional ,,et grinding circuit . 

Water apor would al o add 

unnece arily to the gas volumes to be 

handled in the ro ter · and the off-ga 

train. Thi would increa~c the size and 

api1al o-.t oftJ ,eequipment. Following 

quenching of the roa ter calcine. 

pro ·cs~i ng continue in nventional 

wet slurry form th r ugh thickening and 

I . Fig ure 2 hows Jerritt Canyon· 

fl w hei:-1. 
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A view of Jerritt Canyon's roaster building and stack. Oxygen roasting at the plant solves the 
refractory problem by combusting the sulfides and organic carbon to virtual completion This 
renders the gold amenable to high recovery by conventional cyanidation methods

Fora greenfield project, dry grinding 
works out to be considerably more 
economical than wet grinding followed 
by filtration and drying of the cake.

Ore from the primary crusher 
stockpile (-127 mm or -Sin.) is reduced 
to -13 mm (-03 in.) in two stages of 
crushing. This consists of one standard 
and two Shorthead (1.3 m or 4.25 ft) 
Symons cone crushers. A rotary dry er is 
inserted between the second and third 
crushing stages to ensure reduction of 
ore moisture levels to less than 1%. 
Drying at this point avoids potential 
material handling problems that could 
arise from the screening and conveying 
of wet ore at a finer size.

The dry grinding system is an 
adaptation of that used in the cement 
industry. But it is designed to generate 
a 106-pm (150-mesh) product rather 
than the 45- to 38-pm (325- to 400- 
mesh) typical of cement.

Grinding is done in a 4.5- x 5.6-m- 
diam (14.5- x 18.5-fl-diam), 1.8 MW 
(2500 hp) Fuller grate discharge ball 
mill. The grinding-induced temperature 
is about 82° C (180° F). which, in 
conjunction with an air sweep in the 
mill, results in further ore drying.

A combination of air slides and 
bucket elevators transport the ore in the 
dry grinding circuit. Classification by a 
Fuller O’SEPA classifier (the analog of 
a cyclone in a wet grinding system) 
returns coarse underflow to the mill and 
passes the final product to dry cyclones 
backed up with a baghouse for fine dust 
recovery.

A 1,8-kt (2000-st) roaster feed bin 
stores the comminuted product. It 
averages a size distribution of about 5% 
+250 pm (+65 mesh) and 50% -75 pm 
(-200 mesh).

discharged to the quench system. The 
ore moves countercurrent to the 
fluidizing oxygen fed by' a uindbox to 
the second (lower) stage fluid bed. All 
ore and gas transfers are external to the 
equipment. This aids access without 
having to shut down and enter the 
roasters.

Roaster exit gas traverses several 
scrubbing stages for particulates, sulfur 
dioxide and mercury.

Ore mineralogy and atmospheric 
discharge regulations dictate the gas 
cleaning requirements. The quenched 
calcine is thickened and then fed to a 
standard C1L circuit for gold extraction. 
Gold recoveries are functions of ore 
grade and mineralogy, but routinely 
exceed 90%.

Advantages of the IMC system
The fluid-bed roasting system is 

simple with no moving parts. High 
availabilities are achieved. It is effective 
as a gas-solids contactor. This fosters 
excellent mixing, efficient heat transfer 
and therefore uniform temperature, an 
important feature ensuring high gold 
recovery efficiency.

Starting and stopping the roasters is 
straightforward, making operation and 
maintenance easier.

The use of oxygen as opposed to air 
as the fluidizing-combustiongas reduces 
the size and capital cost of the roasters 
since they do not have to accommodate 
the inert nitrogen flow. Similarly, the 
off-gas train is also smaller than would 
be the case w ith an air s\ stem due to the

Roasting and off-gas handling
The roasting system at Jerritt Canyon 

is comprised of two parallel, two-stage, 
fluid-bed roasters designed by Dorr- 
Oliver. Oxygen serves a combined 
function as combustion and fluidizing 
gas.

As shown in Fig. 2, a variable speed 
screw in combination with a rotary air 
lock withdraws ore from the roaster feed 
bin. Coal is added as fuel to supplement 
the inherent sulfide-carbon fuel content 
of the ore. This allows attainment of 
autothermal roaster operation and 
temperature control.

A bucket elevator conveys the feed 
to the top of the roasters. There the feed 
system adds the material to the top (first) 
stage of each roaster. As show n in Fig. 
3, the ore drops from the first stage to the 
lower second stage from which it is 
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Fora greenfield pr ~ect. dry grinding 
work out to be con iderably mon: 
economical than wet grinding followed 
by filtration and drying of the cake. 

Ore from the primary cru her 
tockpile (-127 mm or -5 in.) is reduced 

to -13 mm (-0~5 in.) in two stage of 
crushing. This consist of one standard 
and two Shorthead ( 1.3 m or 4.25 ft ) 

ymons cone crusher . A rotary dryer i 
in ned between th econd and third 
cru hing tage to ensure reduction of 
ore moi ture le el to le s than I 'k. 
Drying at thi point av id potential 
material handling problem that could 
ari e from the screening and conveying 
of wet ore at a finer siLe. 

The dry grinding ystem i an 
adaptation of that u ed in the cement 
indu try. But it i designed to generate 
a 106-µ m (150-me. h) product rather 
than the 45- to 38-µm ( 25- to 400-
me h) t pi al of cement. 

rinding is done in a 4.5- x 5.6-m­
diam (14.5- x 18.5-ft-diam), 1.8 MW 
(2500 hp) Fuller grate discharge ball 
mill. 111 grinding-induced temperature 
i about 82° C ( 180° F), which, in 
conjunction with an air weep in the 
mill, result in further ore drying. 

A ombination of air slides and 
bucket levators transpon the ore in the 
dry grinding circuit. la ification by a 
Fuller O'S EPA classifier (the analog of 
a yclone in a wet grinding y tern) 
return c a e underflov to the mill and 
pas e the final product to dry yclones 
backed up with a baghou e for fine du t 
recovery. 

A I . -kt (2000-st) roaster feed bin 
store the comminuted product. It 
a erage a size di tribution of about 5% 
+2 0 µm (+65 mesh) and 50% -75 µm 
(-200 me h). 

Roasting and off-gas handling 
The roa ting system atJerritt Canyon 

i compri ed of tv.,o parallel, tv o-stage, 
flu id- d roaster designed by Dorr­
Oliver. Ox gen erve a combined 
func tion a combustion and fluidizing 
ga. 

A h wn in Fig. 2, a ariable peed 
crew in ombination with a rotary air 

lock withdraw ore from the ro ter feed 
bin. Coal i · added a fuel to upplement 
the inherent ulfide-carbon fuel content 
of the ore. This all w attainment of 
auto rhermal roa te r opera ti on and 
temperature control. 

A bu ket elevator convey the feed 
to the top of the roa ter ·. There the feed 
)''>tern add · the material to the top (first) 
tage of each roa ter. As hown in Fig. 

3, the n: drop from the fir t tage 10 the 
lower econd tage from -... hi ch it i 
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A view of Jerntt Canyon's roaster building and stack. Oxygen roasung at the plant solves t~e refractory problem by combusting the sulfides and organic carbon to virtual complet1on This renders the gold amenable to high recovery by conventional cyanidat1on me hods 

di!>charged to the quench ·ystem. ·1 he 
re moves coun tercu rrent to the 

nu1di1ing oxygen fed b) a \\indbox 10 
the econd I -...er) tagefluidbed. All 
ore and gas tran fer:- arc ex ternal t the 
equi pm;nt. Th is aid~ acce !> without 
havi ng to hut do\ n and enter the 
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Roaster e it ga. traver es several 
~ ,ubbing tage f rpaniculate. ulfur 
dioxide and mcrcur) 

re mineralog) and atmosphcri 
di . charge regu lation dictate the ga, 
cleaning requirement s. The quenched 
calcine i thickened and then fed to a 
tandardCIL cir uit f rgoldextraction . 
old recoverie, arc functions of ore 

grade and mineralog . hut routine!) 
c cced 90<1. 

Advantage of the I~JC ~ tem 
The nu id-bed roa!>tin ° ,y, tern i 

_ imple \\ ith no mo, ing pan . High 
availabilitie~areachie · d. lt1 effe ti ve 
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excellent mi ing. efficient heat transfer 
and therefore un iform rempc1 aturc, an 
imponant featu re en uring high gold 
recoven efficien \· . 

rariing and. t~ppi ng the roa~ter i 
traightforward. making o~rauon and 

maintenance ea,icr. 
The u~e of OX) gen a~ oppmcd to air 
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Fig. 3

low gas volumes in the absence of 
nitrogen dilution. It has been estimated 
that a single 4.3-m-diam (14-ft-diam) 
oxygen roaster can treat the same ore 
throughput as two 7.3-m-diam (24-ft- 
diam) air roasters.

The absence of nitrogen also 
enhances the energy efficiency. There 
is no nitrogen to be raised to combustion 
temperature, thereby reducing auxiliary 
fuel requirements. This nitrogen would 
transport heat out of the system in the 
off-gas. The waste energy would be lost 
or would require costly, maintenance 
intensive heat recovery equipment.

Use of pure oxygen also achieves 
high conversions of sulfides and carbon 
at lower combustion temperatures than 
traditional air roasting. This improves 
gold recov ery. low ers supplemental fuel 
requirements and reduces heat losses 
from the system.

The two-stage, countercurrent 
scheme promotes combustion and 
energy efficiency. Thus, the incoming 
oxygen contacts outgoing ore in the 
lower fluidized stage. This provides a 
high driving force to complete the 
combustion of any residual unbumed 
particles, principally the slower-burning 
carbon, remaining after the first (upper) 
stage of combustion. This is important 
since the roasting process will activate

any residual carbon 
particles in the ore 
rendering them 
highly preg-rob- 
bing. This would 
adversely effect 
gold recovery' in the 
downstream CIL 
train.

The lower fluid 
bed also preheats the 
gas stream before it 
effects the lion’s 
share of the com­
bustion in the upper 
bed. This is tant­
amount to recovery 
of some heat from 
the solid phase 
before it discharges 
from the reactor.

Quenched roas­
ter calcine yields a 
low viscosity pulp 
for CIL. The pulp 
generated by other 
pre-oxidation 
techniques may tend 
to be viscous, with 
adverse gold re­

covery.
The strong ox­

idizing conditions 
associated with oxygen make for a 
favorable chemical reaction en­
vironment. Thus, pyrite particles tend 
to be converted not to dense magnetite, 
but to porous hematite, which shrinks 
and cracks and improves cyanide access. 
Fonnation of ferric arsenate is promoted, 
permitting arsenic to be fixed in the 
solid phase. The presence of calcite and 
dolomite (supplemented, if necessary, 
by adding lime or soda ash) permits 
most of the sulfide gases to be captured 
in the fluid beds. This leaves only a 
-mull fraction to be dealt w ith by the ofl - 
gas scrubbing train.

The system has met or exceeded all 
of the Nevada environmental 
requirements. The absence of nitrogen 
minimizes NOxemissions. Meanwhile, 
the •arongly oxidizing atmosphere keeps 
carbon monoxide and unburned 
hydrocarbons in the exit gas below 
environmentally acceptable limits 
w ithout the need for afterburning.

The use of oxygen, as opposed to air, 
allows use of lower fluidizing velocities. 
This minimizes solids carryover in the 
exit gas and promotes more complete 
ox idation of sulfides and carbon. This is 
particularly important for the slower- 
burning carbon.

Roasting temperatures are relatively 
low. which avoids sintering of the ore.

Such slagging at higher temperatures 
can encapsulate gold particles. This 
will have a detrimental effect on gold 
recovery since access by cyanide is 
hindered or prevented. Fluidized beds 
are an effective means of controlling 
high temperature combustion reactions 
since they provide good temperature 
uniformity and control.

For sulfide ores without carbon, 
which could conceivably be treated by 
alternative pre-oxidation processes, 
whole-ore oxygen roasting will generally 
be more economical.

Process requirements
The fuel value of the ore should be in 

a range that derives maximum benefit 
from the process. If the inherent fuel 
content associated with sulfides and 
carbon is too low, larger additions of 
supplementary fuel will be required, 
adding to operating costs. If the fuel 
value is too high, the roasting process 
will exceed the autothermal limit, the 
bed temperatures will rise and gold 
recovery may decline. This can be 
counteracted by air or water injection. 
But some of the advantages of the system 
may be lost or production may suffer.

Natural ore carbonates may have to 
be supplemented if they arc insufficient 
to fix an adequate amount of sulfur as 
sulfate in the solids. If gypsum fonnation 
is excessive, it can cause downstream 
scaling problems in the quench- 
thickening circuit. Appropriate design 
and operating steps must be taken.

Potentially noxious, volatile 
components that cannot be fixed or 
readily scrubbed from the exit gases 
could require additional recovery 

systems.
An oxygen plant is needed, albeit 

supplying low-pressure oxygen. 
Autoclaving requires more costly high- 

pressure oxygen. ♦
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HECLA MINING COMPANY

MEMORANDUM TO:

FROM:

SUBJECT:

September 6, 1991

George Johnson 
Todd Fayram

John Haan

Biological Neutralization of Spent Heaps

Attached is information regarding bio-treatment of cyanide and metal complexes. This 
information may be of interest in neutralization of both the Cactus and Yellow Pine dedicated 
heaps. According to information we have received from Pintail, they are discussing 
neutralization costs in the range of $.03 to $.04 per ton for large heaps. Although this may be 
optimistic, I feel that we should pursue researching the viability of biological neutralization of 

our heap leach facilities.

The advantages of biological treatment of heaps may be both long term and short term. Long 
term advantages may include less risk of residual cyanide drainage from the heaps after 
snowmelt or rainfall. The short term advantage may be in total cost of neutralization. Pintail 
believes that biological neutralization is competitive with chemical destruction of cyanide. 
Another possibility may be to detoxify the cyanide to a certain level using chemical oxidizers 
and follow up with biological treatment of the heap.

USMX is neutralizing, or planning to neutralize heaps at Alligator Ridge using microbes. Listed 

below are contacts at Pintail and USMX.

Pintail Systems, Inc.
L. C. Thompson
Director Research & Development 
Denver Lab: (303) 367-8443 
Corporate Office: (203) 658-2977

USMX
Richard Jolk, P.E. 
Chief Metallurgist 
(303) 985-4665

JGH/pjh

Attachment

xc: George Wilhelm
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and follow up with biological treatment of the heap. 

USMX is neutralizing, or planning to neutralize heaps at Alligator Ridge using microbes. Listed 
below are contacts at Pintail and USMX. 

Pintail Systems, Inc. 
L. C. Thompson 
Director Research & Development 
Denver Lab: (303) 367-8443 
Corporate Office: (203) 658-2977 

JGH/pjh 

Attachment 

xc: George Wilhelm 

USMX 
Richard Jolk, P.E. 
Chief Metallurgist 
(303) 985-4665 
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Who We Are

Pintail Systems, Inc. is a multi-disciplinary company specializing in the development and implementation 
of innovative biological treatment programs for industrial \vaste. PSI began operations offering 
consulting, research and treatment design services to mining, energy and electronics industries. We 
offer our products and services nationwide.

Our Mission

Pintail Systems, Inc. was founded to develop natural treatment technologies for a broad spectrum of 
problem industrial wastes. Bacteria isolated from waste sources and augmented for specific 
contaminant removal offer cost-effective, environmentally acceptable alternatives for organic and 
inorganic decontamination. The PSI staff includes geologists, engineers, chemists and microbiologists 
who are dedicated to the development and dissemination of these new remediation technologies.

Specific bioremediation programs offered by Pintail Systems include:

* Biological concentration of metals from waste streams or groundwater

* Bioremediation of phenols

* Bacterial decomposition of alkali or metal cyanide compounds in solid or aqueous 
wastes

* Denitrification of agricultural or industrial process wastewater

‘ Bio-decomposition of petroleum-based wastes from spills or manufacturing

* Remineralization of soluble mineral consituents of waste streams

The PSI staff is committed to providing support from site assessment through treatment execution.
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Pintail Systems, Inc.
Biological Treatment Systems for Industrial Waste

Technical Capabilities

Pintail Systems was founded to provide environmental consulting and treatment 
services for a broad-based Industrial clientele. Some of the technical services 
offered by PSI staff at our laboratory or branch offices Include:

Research and Development

* Treatment bacteria Isolation and augmentation
* Feasibility Studies
* Bench-scale testing
* Pilot plant design and operation
* Process Analysis

Environmental Services

* Site assessment
* Soil and groundwater sampling
* Sample analysis
* Contaminant characterization
* Treatment program development

Laboratory Services

* Comprehensive biological, chemical and environmental analysis
* Standard water quality testing

Project Management

* Treatment program design
* Cost analysis
* Mobillzatlon/de-mobilizatlon
* Site management
* Treatment analysis
* Remediation assessment
* Mathematical modeling

.r 

( -

(_ 

I 
f ) ' 

Plntall Systems, Inc. 
BloloQlcal Treatment Systems for lndus1r1at Waste 

Technical Capabilities 

Pintail Systems was founded to provide environmental consulting and treatment 
services for a broad-based Industrial clientele. Some of the technical services 
ottered by PSI staff at our laboratory or branch offices Include: 

Research and Development 

• Treatment bacteria Isolation and augmentation 
• Feasibility Studies 
• Bench-scale testing 
• PIiot plant design and operation 
• Process Analysis 

Environmental Services 

• Site assessment 
• Soil and groundwater sa"l)fing 
• Sample analysis 
• Contaminant characterization 
• Treatment program development 

Laboratory Services 

• Comprehensive blologlcal, chemical and environmental analysis 
• Standard water qualtty testing 

ProJect Management 

• Treatment program design 
• Cost analysis 
• Mobillzatlorvde-mobllizatlon 
• Site management 
• Treatment analysis 
• Remediation assessment 
• Mathematica! modeling 



PINTAIL Systems, Inc.

Technical Report Series

Report G-101

Biotreatment Processes for Industrial Wastes

Pintail Systems, Inc.
11801 E. 33rd Ave., Suite C 
Aurora, Colorado 
(303) 367-8443

r 

( 

( 

PINTAIL Systems, Inc. 

Technical Report Series 

Report G-101 

Biotreatment Processes for Industrial Wastes 

Pintail Systems, Inc. 
11801 E. 33rd Ave., Suite C 
Aurora, Colorado 
(303) 367-8443 



f
PINTAIL Systems, Inc.
Technical Report Series

II Hf I|||j§§||fI >#;I §|||

Biotreatment Processes for Industrial Wastes

Report No. G«101

C

<

Abstract

Biotreatment is a new word defining old and natu­
ral processes for waste recycling. This review 
defines biotreatment technology and explores the 
application of biological treatment processes to a 
variety of industrial wastes. Microbial treatment 
techniques have improved during the last decade 
with advances in biotechnology and bioengineering 
research. The technical expertise is now available 
to apply augmented, natural technology to non- 
traditional operations (Johnson, et al).

Introduction

Since the dawn of civilization, man’s metabolic 
activities have resulted in the production of or­
ganic and inorganic wastes. The population ex­
plosion during the last century and the Industrial/- 
Technical Revolutions have caused a dangerous 
imbalance between man and nature. This imbal­
ance is reflected in a disruption of the global 
cycling of minerals, metals and various elements. 
A balanced system is a state of dynamic equilibri­
um. Biological and geological processes of syn­
thesis, transformation and decomposition continu­
ously take place. The results of man’s interven­
tion in nature’s cycles include extraction of non- 
rcncwablc resources and dispersion of wastes in 
forms that are incompatible with natural recycling 
processes (Busch). Man has contributed to the 
destruction of this dynamic equilibrium. He must 
be responsible for reversing waste disposal philo­
sophies and the resulting pollution.

Bacteria have been used for aqueous waste treat­
ment for over 40 years (Metcalf and Eddy). In a 
municipal or agricultural waste treatment system, 
bacteria can degrade many organic wastes to har­
mless by-products through normal cellular metabo­
lic reactions. These treatment methods use bacteria 
that naturally exist within the waste removal sys­
tem. The complexity, concentration and potential 
high toxicity of industrial wastes, however, often

prevent the use of natural bacteria processes. The 
key to successful biotreatment of industrial pol­
lutants is the discovery and adaptation of bacteria 
that are tolerant to the waste and able to degrade 
it biochemically.

Biotreatment is defined as the use of natural or 
augmented bacterial systems to remove or decom­
pose an undesirable waste in a controlled environ­
ment These processes use bacteria that are either 
naturally found in the waste or that have been 
enhanced for treatment in the laboratory and re­
applied to the system. Natural treatment processes 
can be applied in engineered treatment plants or in 
situ for solid waste or soil remediation.

Reversal of pollution requires the elimination of 
the point sources of contamination, as well as 
waste renovation and resource reclamation. Recent 
advances in biotechnology and bioengineering have 
made all of these goals conceptually possible. 
Biotreatment technologies offer a well engineered, 
natural solution to treatment of problem wastes. 
Augmented natural processes offer industries the 
chance to have a positive impact on the global 
environment

Industrial Pollution • Definition and Source 
Identification

Pollution is defined as any manufactured, trans­
formed or naturally occurring substance which can 
have a detrimental effect on man or his environ­
ment The need for pollution control arises from 
depletion or destruction of resources, as well as 
the concentration of undesirable contaminants in 
the environment Other factors affecting the need 
for control include the increasing moral and legal 
obligations for source treatment and the high costs 
of conventional remediation. Some wastes have a 
long-term persistence in the environment and in- 
perpetuity treatments are prohibitively expensive to
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the poim of affecting the profitability of many key 
industries. An economical alternative to conven­
tional treatment or disposal options is clearly need­
ed.

Increasing sources of contamination are found in 
manufacturing, distribution and production use 
industries as well as mineral extraction, petroleum 
refining and power generation. Major sources of 
pollutants include the following examples of a few 
wastes and their origins:

* Natural Sources - heavy metals, nitrates, 
asbestos, ash emission (volcanoes, forest 
fires);

* Transformed Pollutants - sewage, fertili­
zers, heavy metals, acid wastes;

* Synthetic Toxins - pesticides, manufactured 
organic intermediates, petrochemicals and 
surfactants;

The remainder of this review summarizes tradition­
al pollution control technologies and suggests wh­
ere new approaches apply. How biolreatment 
processes work for each waste and what treatment 
levels are attainable in a large-scale operation arc 
included in specific case studies. The treatments 
for waste generated by the following industries 
will be considered in review because they repre­
sent natural, transformed and synthetic sources of 
pollutants.

1. Mining/metal finishing industries - wastes 
generated include metal-cyanide complex­
es, free cyanide and heavy metals.

Biorcmedialion of hazardous wastes is a develop­
ing technology that will provide accelerated treat­
ment using natural global cycling processes. The 
basic global cycle is diagrammed in Figure 1.

synthesis
biomia«riti2fttiofl

Global Mineral Cycle
rigure 1. Global Mineral Cycling

2. Pesticide manufacture - wastes generated 
include pesticide intermediates and cyan­
ides.

3. Paper and pulp manufacture - wastes 
include phenols, formaldehyde and solids.
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Mining and Metal Finishing Wastes

Traditional and Diotreatment Options

Mining and metal manufacturing processes can 
generate both solid and liquid wastes which con­
tain free cyanide, metal<yanidc compounds and 
heavy metals. If the wastes are not adequately 
contained, they can adversely effect surface water, 
groundwater and soil quality (Towill, et al). The 
traditional treatment options for these wastes in­
clude immobilization, ion exchange, chemical oxid­
ation, precipitation, thermal decomposition or elec­
trical treatment methods (Huiatt, et al). All of 
these approaches are effective to a degree, but can 
leave behind secondary problem pollutants, and 
can be cosily. Choice of any pollution mitigation 
scheme requires the following information: *

* What levels of removal must be met;
* Possible enyironmetal impacts from no treat­

ment or from the treatment process;
* Waste characteristics restricting some treat­

ments;
* Cost of the treatment program;
* Commercial availability of the process.

Other methods of cyanide removal that were not 
reviewed include iron precipitation and electrical 
treatments. Each treatment has advantages and 
disadvantages that must be evaluated according to 
the required mitigation levels and cost factors. 
Biotreatment processes should be included in any 
evaluation as the technology is now available for 
cyanide and metal-cyanide decomposition and 
removal or immobilization of heavy metals (Thom­
pson and Gertcis). The advantages of biological 
treatment over many of these traditional processes 
arc

* low comparative treatment costs,
* complete waste treatment and removal,
* recovery of treatment bacteria,
* formation of non-toxic end products,
* de-listing of hazardous wastes constitu­

ting an end to liability for the waste.

The following evaluation matrix lists the treatment 
levels attainable by traditional and biological meth­
ods for cyanide removal.
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Table I. Evaluation of methods for cyanide decomposition.

cyanide complexes removed:

treatment free CN

1. alkaline chlorination yes
2. ozonation yes
3. peroxide treatment yes
4. ion exchange no
5. natural degradation yes
6. bio-decomposition yes

WAD terra CNS
cyanides cyanides

partial no partial
yes yes yes

partial partial no
yes yes possible
partial no no
yes yes yes

WAD= weak acid dissociable metal cyanide (e.g. copper, zinc, nickel, cadmium cyan­
ides)

Biological degradation of cyanide in gold mining 
effluents is currently used as an alternative to 
traditional treatment technologies in both the USA 
(Mudder and Whitlock) and the Soviet Union 
(Grableva, et al). Another industrial process is 
one which degrades free cyanides through enzyma­
tic hydrolysis reactions. These processes arc being 
used on an industrial scale and show the promise 
of biotreatment for a variety of other cyanide and 
metal-cyanide wastes.

Collection or immobilization of many heavy me­
tals has been observed in various species of bac­
teria (Trudingcr and Swainc). Biological processes 
use both live and inert biomass for metal sequeste­
ring. These reactions contribute to baclcrially 
mediated mineralization and de-mincralizalion 
reactions in nature. Metals are reformed into 
mineral species by natural precipitation, chelation 
or compiexau'on reactions (Ecclcs and Hunt). 
Processes that ordinarily proceed on a geologic 
time scale can be accelerated by use of specific 
bacteria to immobilize free metals in aqueous or 
solid matrices. Metal contamination in soil can be 
remediated by adding bacteria which immobilize 
and re-mincralize soluble metals. One distinct 
advantage of the biological methods is that they 
operate at a fraction of the cost of conventional 
precipitation or filtration methods. The metals arc 
economically recoverable from a biological system 
which aids in the recycling of non-rcnewablc re­
sources, as well as reduction of treatment costs.

The wastes amenable to biotrealment include

* cyanide wastes produced in mining 
operations,

* heavy metal-contaminated aqueous and 
solid waste,

* cyanide-contaminated aluminum pot 
liners, soil and groundwater,

* toxic ions in soil, vapor and aqueous 
phases.

Processes that have been demonstrated in the min­
ing industry should also be adaptable to special­
ized wastes such as electroplating solutions and 
nitrate or phosphate agricultural wastes.
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Pesticide Manufacturing Wastes

Traditional and Biotreatment Options

Wastes from pesticide manufacturing processes 
include organic process intermediates as well as 
cyanides and some heavy metals. The short-term 
persistence of many pesticides in soil is attributed 
to microbial activity (Pravc, et al). Although there 
is a large difference between concentrations of 
pesticides found in soil and those found in manu­
facturing waste streams, many bacteria have the 
potential to convert complex organic pesticides to 
harmless, natural by-products. Species of Bacillus, 
Pseudomonas, Arthrobactcr, Achromobactcr and 
Norcardia have all been implicated in the decom­
position of pesticides. Research dating back more 
than 30 years has shown that many bacteria digest 
complex organic pesticides for use as nutrient 
sources for microbial life processes (Higgins and 
Bums). The treatment problem, as with mining 
wastes, lies in the conversion of natural processes 
to the scale necessary for industrial application.

Pesticides that have been shown to be susceptible 
to bacterial decomposition include members of the 
groups of chlorinated hydrocarbons, organophosph- 
ates, carbamates, triazines and pyrclhroids. The 
fundamental mechanisms of decay catalyzed by 
bacteria include dchalogenation, amide and ester 
hydrolysis, dealkylation, oxidation and reduction. 
Applied bacterial treatment systems arc engineered 
through bioaugmentation technology to treat aqueo­
us waste streams and contaminated soil.

Current waste removal technology for pesticide 
manufacturing involves a combination of recycling 
technology, solid hazardous waste disposal and 
incineration. All of these processes are energy 
and capital-intensive. Biotreatment is not a solu­
tion for treatment of all manufacturing waste strea­
ms but can influence parts of the overall treatment 
process with more efficient and economical solu­
tions. Waste streams that could be handled by 
biotrcaimcnl processes include

* cyanides formed as a by-product of pyre- 
thrin manufacture,

* heavy metals from raw material process­
ing,

* organic intermediates that arc not recyc­
led,

* trace contaminants in discharge streams.

Biotreatment development for any of these wastes 
is accomplished by bacteria isolation, adaptation

and enhancement followed by laboratory testing, 
field pilot studies and final treatment process desi­
gn. Biological treatment of pesticide manufactur­
ing wastes is conceptually possible and is being 
used in some select applications.

An example of a commercially available process 
for pesticide waste streams is the biotreatment of 
free cyanide by-products formed in some manufac­
turing processes. Current waste treatment technol­
ogy emphasizes cither a chemical oxidation or a 
complcxation/prccipitaiion as an insoluble ferrocya- 
nidc. The fcnocyanides are removed and stored 
as a solid, hazardous waste. The biotreatment 
alternative would involve a two-stage biological 
treatment. The first step would use an enzymatic 
hydrolysis from microbial enzymes to lower ionic 
cyanide from high concentrations to less than 100 
mg/L. The second, polishing step would use an 
augmented bacteria culture in a suspended growth 
treatment to reduce cyanide levels to below drink­
ing water standards. The advantage of the biotr­
eatment method would be in cost reduction and 
removal of liability for a hazardous waste. The 
engineering design can handle large volumes of 
waste on either a batch or continuous treatment 
design.
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Paper and Pulp Manufacture

Traditional and Biotreatment Options

Wastes from paper manufacturing processes in­
clude solid sludges, phenols, and formaldehyde, 
among others. Current waste treatment methods 
have developed integrated biological waste removal 
systems for many of the problem pollutants. Rec­
ent advances in pollution control technology for 
the paper and pulp industries have supplied econo­
mically viable, natural treatment methods which 
arc energy and cost-efficient.

The principle wastes come from the release of 
pulping and bleaching chemicals. Clarification and 
biological treatment are used in paper mills in the 
U.S.A. (Hakulinen, et al) and Canada The suc­
cessful operation of biotreatment processes has 
demonstrated that even strict ecological standards 
can be met with an economically viable process. 
Primary effluent treatment is designed to reduce 
any biodegradable portion of dissolved organic 
waste. This results in an improvement of both 
BOD and COD levels in treated water. Secondary 
and tertiary treatment finishes a polishing step 
where toxins, gases and dissolved organics arc 
removed through biodegradation processes. Furth­
er refinements in treatment methodology should 
improve the economics and efficiencies of biotreat- 
ment processes for the paper and pulp industries.

An example of a process improvement is the rec­
ent advance in decomposition of highly toxic phe­
nols by bacteria. Bacteria can be immobilized in 
a fluidized bed extraction system for aqueous 
waste streams (Holladay, et al). The microbial 
treatment system degrades the phenols to harmless 
by-products with a very short residence lime for 
effluent solutions. Two biotreatment scenarios arc 
illustrated in Figures 2 and 3. A biodccomposi- 
lion pathway for phenol and naphthalene is dia­
grammed in Figure 4.
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Conclusions

Biotrcatmcnt processes arc technically viable treat­
ment technologies for many types of industrial 
waste. Major advances in biotechnology and bio­
engineering research have improved biotreatment 
processes from a geological time treatment scale to 
acceptable reaction rates for industrial wastes. 
Many bioircatmcm processes are commercially 
available today and more methods will rapidly 
develop as the demand for waste clean-up increas­
es.
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PINTAIL

Biotreatment of Cyanide Industrial Wastes

Introduction

Cyanide is an industrial chemical that is used or 
produced as a by-product in mining, electroplating, 
aluminum and steel production, petroleum manu­
facturing and pesticide formulation processes. As 
such, cyanide is a high profile chemical that re­
ceives attention in regulatory, public, and industrial 
arenas. Potential environmental release into public 
waterways, groundwater or soils is a concern due 
to the reactivity and high toxicity of cyanide or 
easily dissociable cyanide compounds (Towill, ct 
al). Trends in environmental regulation arc pro­
gressively more conservative, requiring treatment 
of cyanide-containing wastes. This makes the 
waste mitigation an economic, as well as, environ­
mentally important issue.

Although there arc many physical and chemical 
mechanisms for cyanide treatment, natural biologi­
cal methods for cyanide decomposition have lately 
received much attention. Biological treatment 
technologies for cyanide wastes have the advan­
tage of being cost effective, efficient and do not 
replace one priority pollutant with another. This 
review explores the use of biological cyanide bio­
decomposition processes and presents a develop­
ment flowchart for bioproccssing technology.

Pintail Systems, Inc. has experience in the devel­
opment and design of bioremediation treatment 
systems for many problem wastes including cyan­
ide and heavy metals from gold mining and alumi­
num manufacturing operations. Examples of 
bcnch-scalc and pilot field tests arc presented in 
the final portion of this review.

Biotreatment Technologies - Definition and De­

velopment

Biological treatment using natural bacteria is a 
familiar option for handling municipal and agricul­
tural wastes (Metcalf and Eddy, Inc.). Bacteria

can degrade many organic contaminants to harm­
less by-products through normal cellular metabolic 
reactions. The complexity, concentration and 
potential high toxicity of industrial wastes, howev­
er, often precludes the use of natural treatment 
systems. The key to industrial waste biotreatment 
is the discovery and adaptation of bacteria that are 
tolerant to toxic industrial wastes. Recent advan­
ces in bio-cnginccring and biotreatment technology 
indicate that an augmentation or natural enhance­
ment of inherent microbial processes will produce 
industrial-scale remedies for cyanide biodecom­
position.

Primitive bacteria arc able to metabolize cyanide 
compounds because the first life forms developed 
in an environment that contained cyanide in both 
the atmosphere and oceans (Miller and Orgel). 
Cyanide serves as either a source of nitrogen or 
carbon for necessary cell building reactions in 
many of the simplest bacteria (Knowles). Radio­
labeled tracer studies have proven that cyanide 
provides carbon or nitrogen for the formation of 
purines, pyrimidines, amino acids and many other 
organic intermediates (Oro and Lazcano-Araujo). 
Identification of cyanide-tolerant and cyanide-meta­
bolizing bacteria is one of the first steps in ma­
king an industrial biotreatment process.

Although bacteria with these cyanide degradation 
potentials do exist, they usually arc found in a 
complex microbial ecosystem. Other types of 
bacteria that cannot use cyanide usually predom­
inate and competitively inhibit the formation of a 
dominantly cyanide decomposing population. The 
next step in creation of an industrially useful bio- 
trcaimcnl method is, therefore, the bioaugmcniation 
of the native bacteria that use cyanides.

Bioaugmcntalion is defined as the addition of 
selected bacteria to a biological treatment process 
to enhance a desired reaction (Kobayashi). Aug­
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mentation improves bacteria through conventional 
selective culturing techniques and capitalizes on 
naturally occurring random mutations to amplify 
desired characteristics in the population. The 
bioaugmcniation procedures arc also meant to 
inhibit or eliminate any competing bacteria that do 
not participate in the treatment processes. The 
result of a successful bioaugmentation is a popula­
tion of natural bacteria that is fine-tuned for the 
target waste treatment.

The next step in the bioircatment development is 
the adaptation of the treatment bacteria to the 
waste. Other components of the waste stream 
such as heavy metals, fluorides, chlorides or com­
plex organics can be toxic to the treatment bac­
teria. A biotreatment population must be tolerant 
of all potential waste components or be able to 
remove other targeted toxins from the waste 
stream.

Finally, industrial biotreatment development in­
volves the manufacture, concentration, preservation 
and pilot testing of the augmented and adapted 
treatment bacteria. A constant, reliable source of 
the bacteria must be available for continuous treat­
ment systems. A specially adapted population is 
subject to losing its waste biotreatment abilities 
through mutation or environmental upset. A long­
term remedial bio-action must, therefore, allow for 
continuous replacement of the working bacteria 
with fresh working strains.

A complete biotreatment development program is 
summarized in the flowchart detailed in Figure 1. 
Formation of biological methods for industrial 
cyanide wastes is a complex but feasible treatment 
technology. The final section of this review sum­
marizes existing cyanide waste biotreatment pro­
cesses developed by PSI’s research and environ­
mental engineering staff. Examples of cyanide 
biotreatment for gold mining and aluminum manu­
facturing wastes are presented. Other cyanide 
pollutants amenable to biotreatment include aque­
ous and solid wastes from electroplating, steel 
manufacturing, coke production, pesticide formula­
tion and petroleum manufacture.

Existing and Potential Cyanide Biotreatment 
Technologies

Cyanide wastes generated from gold mining and 
processing, pesticide manufacture, aluminum manu­
facturing and electroplating operations arc wastes 
that can be treated by existing biological treatment 
technology. The two biotreatment methods that

have been demonstrated in industrial-scale opera­
tions arc: 1) enzyme treatment systems and, 2) 
bacterial cyanide decomposition processes. An 
enzyme treatment system is most applicable to 
higher concentrations of free cyanide in aqueous 
solution and the bacteria methodology is best for 
remediation of lower concentration total complcxcd 
metal-cyanides in aqueous and solid waste. Both 
systems arc commercially available and have been 
used in large-scale treatment schemes.

Enzyme Treatment System

A direct enzyme treatment system uses the en­
zymes isolated from bacteria for contained, batch 
treatment systems. Enzyme systems mediate the 
oxidation of cyanide which forms carbon dioxide 
and ammonia as by-products. Enzymes such as 
cyanide hydratase, rhodanese and various nilrilascs 
have been isolated and identified as active in cya­
nide metabolism by bacteria (Westley). The puri­
fied enzyme contacts the aqueous waste in a batch 
process. This treatment method is best used at 
high levels of free cyanide (2000-10,000 mg/L) 
and is not economical for low levels of cyanide or 
metal-cyanide complexes. An example of this 
process is the ’Cyclear’ preparation by ICI 
(Clarke).

A sample process is diagrammed in Figure 2 and 
typical cyanide decomposition for enzyme treat­
ment is shown in Figure 3. Advances in biotech­
nology have shown how enzymes can be isolated, 
identified and mass produced for industrial appli­
cations. Pintail Systems R & D stall is actively 
researching the isolation and mass production of a 
variety of cyanide decomposition enzyme systems.
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Biological Treatment System • Cyanide-Contami­
nated Mining Wastes

A biological treatment of cyanide-containing waste 
can be designed to treat aqueous effluents in sus­
pended or attached growth plants. It is also pos­
sible to treat soils or solids in in situ treatment 
with bacteria solutions. Cyanide waste from gold 
recovery and cyanide produced in aluminum man­
ufacturing arc two sources that arc amenable to 
biotrcaimcnl. Gold mining operations in the 
U.S.A. (Mudder and Whitlock) and Soviet Union 
(llyalctdinov, ct al) have used bacterial treatment 
systems for aqueous cyanide effluent treatment. 
Bacteria on rotating biological contactors remove 
thiocyanates and weakly complcxcd metal cyanides 
from discharge and process water. The treatment 
is efficient and effluent meets regulatory discharge 
standards. This type of treatment effects a >98% 
removal of thiocyanates and weak acid dissociable 
cyanide.

Pintail Systems staff has demonstrated successful 
treatment of solid residue from gold recovery 
operations and aluminum manufacturing. Each 
waste presents special problems for bioremediation. 
Wastes from gold mining include process water, 
cyanide leached ore residue and tailings. In situ 
mitigation schemes were designed using biological­
ly augmented treatment bacteria and scale-up cul­
turing and contact methods. A series of bench- 
scale flask tests, pilot plant column tests and field 
demonstration programs confirmed that bioircai- 
mem systems were effective with both aqueous 
and solid waste treatment

To develop the in situ biotrcaimcnl for solid ore 
residue bacteria were isolated and augmented. 
Microbial assays of cyanide-leached mining residue 
showed that native bacteria were established in the 
residue when total cyanide concentrations were 
below 30 mg/kg TCN. The bacteria found in 
older residue and mine district samples were iden­
tified as mixed populations of both spore-forming 
and non-spore forming bacteria. After cyanide 
stress and subculture in a chemically defined med­
ium, a population was found that had significant 
cyanide degradation potential. A comparison be­
tween native bacteria and biologically augmented 
populations for cyanide decomposition is shown in 
Figure 4.

To test the microbial cyanide decomposition, a 
scries of bottle tests, column tests, a 1300 ton and 
a 20,000 ton field test were designed. The bottle 
tests were planned using 300 grams of minus 10 
mesh ore residue and column studies used 100 kg

of minus 3/4 inch residue packed in 6" x 10' PVC 
columns. A 1500 ton field lest used minus 3/4 
inch residue stacked 16 feet high on an imperme­
able liner. The 20,000 ton field test was run in a 
controlled area of a residue dump. Test areas were 
marked off to study cfTccts of natural weathering, 
water washing, bacteria washing and direct bac­
teria injection. Results arc presented in Tabic I 
for bench-scale testing and Table II for the 
column tests. Figures 3 and 6 compare cyanide 
decomposition between control and bioireaimcnis 
in the field pilot tests.

Figure 5. Cyanide Biodecomposition, 1500 ton 
field test.

4

Biologi~I Trc.'.IIJTICnl System • Cyanide-Contami­
notcd Mining Wastes 

A biological Lrcauncnt of cyanide-containing waste 
can be designed 10 Creal aqueous cmucnts in sus­
pended or au.ached growth plants. IL is also pos­
sible to treat soils or solids in in situ treaLrncnl 
with bacteria solutions. Cyanide wast.c from gold 
recovery nnd cyanide produced in aluminum man­
ufacturing arc two sources that arc amenable to 
biotrcauncnL Gold mining operations in the 
U.S.A. (Mudder and Whillock) and Soviet Union 
(llyaJcu:linov, ct al) have used bacterial trcaLrncnt 
sys1ems for aqueous cyanicle effluent rre.:11mcnt. 
Bac1.eri:l on rotaling biological contacters remove 
thiocyanatcs and weakly complexed mel.31 cyanides 
from dischD.Ige and process water. The treatment 
is efficient and effluent mcelS regulatory discharge 
standards. Th.is type of rrcaLrncnt effects a >98% 
removal of lhiocyanates and weak acid dissociable 
cyanide. 

Pint.ruJ Systems staff has demonstrated successful 
treaunent of solid residue from gold recovery 
operations and aluminwn manufacturing. Ench 
waste presents special problems for biorcmediation. 
Wastes from gold mining include process water, 
cyanide leached ore residue and tailings. In situ 
mitigation schemes were designed using biological­
ly augmented trca1mcnt bacteria and scale-up cul­
turing and contact methods. A series of bench­
scale flask tests, pilot plant column tests and field 
demons1ra1ion programs confinned that bioLrcat­
ment systems were eff eclivc with both aqueous 
and solid waste treatmcnL 

To develop the in situ biotrcaLrncnt for solid ore 
residue bacteria were isolated and augmented. 
Microbial assays of cyanide-leached mining residue 
showed that native bacteria were established in the 
residue when total cyanide concentrations were 
below 30 mg/kg TCN. The bact.cria found in 
older residue and mine district samples were iden­
tified as mixed populations of both spore-forming 
and non-spore fonning bacteria After cyanide 
s1.ress and subculture in a chemically defined med­
ium, a population was found I.hat had significant 
cyanide degradation potential. A comparison be­
tween native bacteria and biologically augmented 
populations ror cyanide decomposition is shown in 
Figure 4. 

To test the microbial cyanide decomposition, a 
series or bonlc tests, column tests, a 1500 ton and 
a 20,000 ton field test were designed. The bottle 
tests were planned using 500 grams of minus 10 
mesh ore residue and column s1udics used 100 kg 

4 

of minus 3/4 inch residue packed in 6. x JO' PVC 
columns. A 1500 ton field Lest used minus 3/4 
inch residue stacked 16 feel high on an impcnne­
nblc liner. The 20,000 ton field test was run in a 
controlled area of a residue dump. Test areas were 
marked orr to stujy effects or natural weathering, 
water washing, bactcri3 washing and direct bac­
teria injection. Results arc prcscnt.cd in Table I 
for bench-scale testing and Table JI for the 
column tests. Figures 5 and 6 compare cyanide 
decomposition between control and biotreatmcnts 
in the field pilot tests. 
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Figure 6. Residue Biorcmcdiaiion Field Test

c
Table I. Bench-scale Cyanide Biodecomposition

Flask Cyanide Decomposition

total CN, mg/kg total CN, mg/kg % CN removed % CN removed
test start test end chem/physical biodecompo-

Flask ID 0 hours 48 hours decomposition sition

#1, OR-4 bacteria 123. <0.1 50-60 40-50
#2, ’ 135. 0.9 50-60 40-50
#3. " 130. 0.4 50-60 40-50
control, Sterile H,0 117. 53.0 54.7 <1

Experiment Design: 500g of a -10 mesh leached ore residue were inoculated with 20 mL of 
treatment bacteria solution or sterile deionized water. Flasks were incubated at 21°C for 48 hours. 
Total cyanide in leached ore residue was determined by extraction in 5% NaOH and a reflux acid 
distillation. Residue pH = 8.9, treatment solution or water pH adjusted to 9.0

Note: Chemical and physical decomposition remove free and easily dissociable metal cyanides.
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Experiment Design: 500g of a -1 0 mesh leached ore residue were inoculated with 20 ml of 
treatment bacteria solution or sterile deionized water. Flasks were incubated at 21°c for 48 hours. 
Total cyanide in leached ore residue was determined by extraction in 5% NaOH and a reflux acid 
distillation. Residue pH = 8.9, treatment solution or water pH adjusted to 9.0 

Note: Chemical and physical deoomposilion remove free and easily dissociable metal cyanides. 
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Table 11. Column Tests - Cyanide Biodccomposilion

Column ID

Column Tests • Cyanide Biodecomposition

total CN 
mg/kg

start. Day 0

total CN 
mg/kg 

end, day 21

% decomp

#1, OR-2 bacteria 125 <0.1 99.9
#2, " 119 0.5 99.6
#3, " 130 <0.1 99.9
#4. - 108 0.2 99.8
#5, control (H,0 wash) 127 49.3 61.2
#6, control 131 57.0 56.5

For each test 100 kg of a fresh leached ore residue were loaded 
into a 6"x10" vertical PVC column. One pore volume of bacteria 
solution or sterile deionized water were applied in a percolation 
leach. Ore residue was tested for total cyanide by extracting with 
5% NaOH and distillation of extracts in a reflux acid distillation.

Biological Treatment • Aluminum Manufactur* 
v ing Cyanide Wastes

Pintail Systems has completed two phases of re­
search and development for biolrealmcnl of cyan­
ide waste from aluminum manufacturing. Cyanide 
is a primary contaminant of spent potlincr and 
cathode material from aluminum manufacturing 
processes. Most of the cyanide exists as an iron 
cyanide and ranges up to 0.5% concentrations. 
Biolrcatmcnt is complicated by the extreme pH 
(>11.5) of spent potlincr and leachate solutions 
and by high concentrations of fluoride.

Biological treatment processes were developed by 
the classical bacteria isolation/augmcnlalion/lcsting 
sequence. The bacteria for these waste treatment 
tests consist of native isolates and of strains pre­
viously tested in high pH solid waste that contain­
ed both ferrocyanides and soluble fluorides. Two 
strains will be used in the waste biotreatment flask 
tests - the existing strains adapted to both spent 
potlincrs and extracted native bacteria grown to 
working concentrations.

Adaptation and augmentation of existing bacteria 
was accomplished by contacting a log phase 
growth population with the waste source in an 
aqueous, dilute medium. The dilute media was in­
tended to act as a secondary stress and force the

surviving bacteria to rely on the waste as a nu­
trient source. Growth in the adaptation flasks in 
the presence of the waste was monitored for a 
period of two weeks to plot log phase, stationary 
and death phases of the adapting population.

Both the augmented native populations and the 
adapted stock bacteria were tested for ability to 
decompose total cyanide in a synthetic fcrrocyan- 
idc solution and in an extract of spent potlincr 
material. These experiments were designed to 
confirm the suitability of the treatment bacteria for 
the flask studies.

An initial treatment of the aged spent potliner was 
run in a percolation leach plan for both the treat­
ment solutions and a water wash control. The 
columns were set up as shown in Figure 5. The 
percolation leach was chosen as the closest model 
to an in Silu treatment program. In the percola­
tion leach a biolrcatmcnt solution or a water wash 
control solution is trickled over the spent potlincr 
(as-received particle size) contained in a 2" x 48" 
PVC column. Leachate solutions from both 
columns were collected daily and analyzed for 
total cyanide.
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Table ll. Column Tests - Cyanide Biodccomposition 
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5% NaOH and distillation of extracts in a reflux acid distillation. 
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ide waste from aluminum manufacturing. Cyanide 
is a primary contaminant of spent p()tlincr and 
cathode material from aluminum manufacturing 
processes. Most of the cyanide exists as an iron 
cyanide and ranges up to 0.5% concentrations. 
Biotreatrnent is complicated by the extreme pH 
(>11.5) of spent pollincr and leachate solutions 
and by high concentrations of fluoride. 

Biological treatment processes were developed by 
the classical bacteria isolation/augmentation/testing 
sequence. The bacteria for these waste treatment 
tests consist of native isolates and of strains pre­
viously tested in high pH solid waste that contain­
ed both f errocyanides and soluble fluorides. Two 
strains will be used in the waste biotrcatment flask 
tests - the existing strains adapted to both spent 
pollincrs and extracted native bacteria grown to 
work.ing concentrations. 
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was accomplished by contacting a log ph~ 
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surv1vmg bacteria to rely on the waste as a nu­
trient source. Growth in the adaptation flasks in 
the presence of the waste was monitored for a 
period of two weeks to plot log phase, stationary 
and death phases of the adapting population. 

Both the augmented native populations and the 
adapted stock bacteria were tested for ability to 
decompose total cyanide in a synthetic fcrrocyan­
ide solution and in an extract of spent potliner 
material. These experiments were designed to 
confirm lhc suit.ability of the treatment bacteria for 
the flask studies. 

An initial treatment of the aged spent potliner was 
run in a percolation lc.ach plan for both the LrcaL­
menL solutions and a water wash control. The 
columns were set up as shown in Figure 5. The 
percolation leach was chosen as the closest model 
to an in Situ treatment program. In the percola­
tion leach a biotreatmenL solution or a water wash 
control solution is trickled over the spent p()Lliner 
(as-received particle sire) contained in a 2" x 48" 
PVC column. Leachate solutions from both 
columns were collected daily and analyzed for 
total cyanide. 
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Test results for flask and column spent potlincr 
treatments are shown in Figures 6 and 7. The 
bacteria adapted for this waste treatment proved to 
work well at pH >12 and high fluoride concentra­
tions.
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Conclusions

These biotrcaimcnl methods present economic 
solutions for cyanide-contaminated solid wastes 
from the mining and metal finishing industries. 
They also present an alternative to some of the 
costly, inefficient and environmentally hazardous 
alternatives of containment or chemical treatment. 
Although natural methods of cyanide decompo­
sition arc adequate for many environments, a bio- 
treatment is a desirable option where traditional 
treatments arc costly or only partially effective.
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Introduction

Heavy mclals form a significant portion of the 
pollutants found in our toxic waste dumps and arc 
increasingly present in industrial wastewaters and 
natural surface and groundwater. Biological treat­
ment methods for metal-laden waste streams arc 
receiving attention as a natural process alternative 
to traditional removal methods (Ebner). Many 
different processes using living (Townslcy) and 
non-living microorganisms (Brierlcy) for metal 
accumulation have been developed in recent years.

Metal waste from electroplating, mining and metal 
processing industries have traditionally been treated 
by chemical and physical processes (Cushnic). 
These include hydroxide precipitation, chemical 
oxidation or reduction, evaporation, ion exchange, 
ullrafillralion, electrolysis and electrocoagulation. 
Many of these processes arc costly and are not a 
complete solution to the problem of environmen­
tally acceptable metal disposal. Recycling elTorts, 
including bacterial metal accumulation, arc receiv­
ing renewed attention because of the high costs 
and long-term liabilities associated with traditional 
treatment methods. Innovative recycling of metal 
wastes promises economic and environmental ben­
efits for both industry and regulatory agencies. 
Pintail Systems, Inc. has developed several micro­
bial treatment processes for a variety of heavy 
metal waste types.

Microbial sequestering of metals is a treatment 
technology that is applicable to waste streams 
from mining operations, electroplating and metal 
finishing processes. Heavy metals that impact 
groundwater quality from abandoned and operating 
mining districts arc also potential targets for in­
novative natural technologies. In addition to the 
advantages of low cost and the possibility for in 
Situ treatment, microbial processes can be engi­
neered to be specific for a unique waste. The 
specificity of biological processes eliminates the 
requirement for pre-treatment and complex treat­
ment facilities.

Technology Description

Numerous species of bacteria, fungi and yeasts are 
capable of accumulating many limes their weight 
in heavy metals (Ecclcs and Hunt). Both living 
and dead biomass are effective in removing solu­
ble mclals from waste streams containing metals 
such as gold, silver, chromium, cadmium, copper, 
lead, zinc, cobalt and others (Zajic). These metals 
can also be immobilized in soils by bio-mineral- 
ization reactions for in place treatments. There 
arc two basic mechanisms involved in metal up­
take by bacteria:

1. Accumulation by surface binding to the bac­
terial cell wall or extracellular materials.

2. Uptake into the cell for use in metabolic 
processes as necessary nutrients.

Surface binding is capable of accumulating the 
largest amount of mclals from solution. Intracel­
lular uptake of metals to meet nutritional needs is 
typically responsible for a minor contribution to 
overall metal removal (Fcnchcl and Blackburn). 
The surface binding mechanisms include:

• complcxation of metals with organic comp­
ounds;

* precipitation caused by ion exchange or pro­
duction of oxalic acid in the cell;

* chelation by cell membrane components such 
as pigments, phenolic polymers, cellulosic 
ligands or chilin.

• rcmincralizalion of metal species as a result 
of complex interaction with extracellular by­
products of bacterial metabolism.

Biomincra!i7ation cycles arc accepted as part of 
the natural cycling of minerals and metals in the 
global environment (Wesibroek and DeJong). The 
keys to development of commercial biotrcatment 
systems arc choice of the best bacteria and crea­
tion of conditions that will simulate and accelerate 
natural processes. The diversity of biochemical
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reactions for metal removal or re-mineralizalion 
shows that treatment systems can be individually 
engineered for many waste types. Various popula­
tions of bacteria can also be selectively enhanced 
to remove target metals from a waste stream. The 
selectivity leaves non-toxic metals in solution, thus 
extending the life of the treatment system.

The steps necessary to the development of an 
effective biotreatmcni system for metal removal 
from aqueous waste streams are summarized in 
Figure 1. A number of bacterial processes have 
been researched and tested for metal removal. 
Commercial processes are available from Pintail 
Systems using fungal biomass, live immobilized 
biomass, dead biomass, and suspended growth 
natural treatment systems. Each process is ideal 
for certain waste types and treatment designs. 
Some of the limitations include waste specificity, 
volume restrictions and treatment system main­
tenance. Other restrictions for in situ biotreatmcni 
consist of climate control problems, nutrient limita­
tions and presence of other toxic components. 
These liabilities can all be mitigated by engineered 
solutions to each technical problem.

Bioremediation Technology Development
Laboratory Workplan

Figure 1. Research and Testing Flowchart
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Suspended growih. attached growth, and fluidized 
bed treatments have been tested for metal accumu­
lation by Pintail Systems in research and commer­
cial applications. A treatment system that works 
for metal extraction for electroplating sludges or 
wastewaters is not necessarily the best system for 
removing metals from acid mine drainage was­
tewaters. The solution to natural treatment develo­
pment is adapting the bacteria for the specific 
waste type. Bench-scale test work for each bio­
treatment system includes isolation and augmenta­
tion of working bacteria followed by tests with 
synthetic and real wastes to maximize the treat­
ment.

Some of the waste types appropriate for bacterial 
treatment processes include:

1. Electroplating wastewater: Fluidized bed ex­
traction of metals by live biomass immobil­
ized on inert support matrices.

2. Electroplating sludges: Biological extraction 
of metals and metal-hydroxide precipitates in 
biorcactor systems followed by concentration 
and recovery of metals.

3. Acid mine drainage: Biological prc-lrcal-
ment in biological fluidized bed extraction 
followed by a secondary polishing procedure 
in a wetlands treatment system.

4. Metal refining wastes: selective removal of 
target metals in aqueous treatment systems or me­
tal immobilization in soil and solids. The selec­
tive sequestering also may have applications for 
metal finishing processes.

5. In situ metal immobilization: metal contam­
inants in soil or solid waste arc immobilized 
and rendered environmentally inert by bio- 
mineralization reactions.

A final advantage of natural biological treatment 
technology is that the end products arc natural and 
non-toxic (Ehrlich). Removing metals from a 
waste stream by natural methods can constitute an 
end to responsibility for the waste. Rc-mincrali- 
zalion of mobile metals also promises to be a cost 
effective treatment for contaminated soils and 
waste solids.

Pintail Research Program Summary

Development of successful bioremediation technol­
ogy for heavy metal wastes has involved innova­
tive microbial research design. The goals for any 
treatment system include the basic steps of adapta- 
lion/augmcntau'on/testing. These steps defined 
below, arc the solution to biotrealment develop­
ment for unique waste streams.

* Adaptation: Proven biotreatment bacteria or
indigenous bacteria arc added to a waste source to 
allow the population to acquire a high tolerance to 
the waste.

* Augmentation: The adapted bacteria popula­
tions are grown to working strength in several 
chemically defined nutrient broths. Selective en­
hancement of the population eliminates the non­
working components and insures time and cost 
effective bioremediation populations.

* Test Work: Bench-scale and pilot-scale tests
arc designed to confirm the biotrealment potential 
of each population for a specific waste source. 
Test data is used as proof of the feasibility of 
biotrealment and is also incorporated into the en­
gineering design for field pilot tests.

An example of the process of adapting and aug­
menting a treatment population is shown in Figure 
2. In this case, a population of bacteria was iso­
lated from a dominantly inorganic, metal-laden 
environment The native bacteria showed a slight 
ability for natural removal of copper, lead, zinc, 
nickel or cobalL After adaptation and augmenta­
tion to a specific waste source, the bioaugmented 
treatment bacteria showed an improved capacity 
for metal removal from aqueous waste streams. 
The ihcorcu'cal metal removal efficiency was dem­
onstrated using synthetic metal solutions containing 
at least 150 mg/L of heavy metals.
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Bioaugmcnicd bacteria have also been successfully 
enhanced to show specific removal of only target 
metals from solution and to leave non-toxic metals 
in solution. This aspect of bioircauncni has ap­
plication with waste streams that contain mixed 
metals in solution. Some of the metals may be 
toxic and others may pose no threat to the en­
vironment. In these eases, a conventional treat­
ment system can become overloaded by large 
quantities of the non-toxic metal removal. The 
bioaugmented bacteria have the ability to extend 
the life of the treatment system through specific 
metal accumulation. This treatment is demonstra­
ted in Figure 3. A biotreatment population was 
adapted to a waste source that contained less than 
1000 mg/L each of copper, nickel and zinc. The 
waste also contained more than 10,000 ini/L of 
iron which threatened to overload the biological 
treatment capacity. The population was changed 
to be specific for copper, nickel and zinc and 
proved to pass iron in solution through the treat­
ment media.

A final criteria investigated by Pintail Systems for 
treatment design is the actual capacity of the tech­
nology for metal removal. The data from these 
metal loading tests is critical to system design and 
cost analysis for final treatment plants. Biotreat­
ment systems have to compete with conventional 
treatment technologies in a variety of environments 
and cannot be cost effective if they arc material or 
labor intensive. For this reason, a series of metal 
loading tests have been conducted with both syn­
thetic and actual waste solutions. An example of 
the treatment system life is shown in Figure 4.

Ongoing research is targeting industrial applica­
tions for biotreatment in metal finishing and recov­
ery operations. Bacteria could be used in precious 
metal recovery circuits as well as base metal wa­
ste recycling. Many microbial treatment systems 
have the advantage of inexpensive regeneration of 
treatment bacteria from inert biomass. New treat­
ment bacteria can also be grown economically for 
live biomass treatment applications. The versatil­
ity of microbial metal sequestering promises many 
new research applications for these natural tech­
nologies.
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"PREPRINT EXTENDED ABSTRACT"
• Presented Before the Division of Environmental Chemistry 

American Chemical Society
Denver, Colorado April 5-10, 1987

MICROBIAL DEGRADATION OF METAL-CYANIDE COMPOUNDS
IN SOLID MINING WASTE

L.C. THOMPSON

Cyanide has been used in the commercial recovery of gold and silver for nearly 100 years 
and is currently used in the closed-circuit heap leaching process. After leaching, the ore 
residue is water-washed to recover most of the cyanide. Metal-cyanide complexes are left 
though, as a trace contaminant in the solid residue.

Current trends in environmental regulation are pointing towards complete treatment for all 
types of waste. Potential regulation of treatment that is now voluntary means that 
degradation of cyanide wastes has become economically, as well as environmentally 
important to the gold mining industry. Solid ore residue that has been leached of gold and 
silver in a cyanide process may be regarded to be a point source of cyanide pollution 
unless the residue is completely encapsulated or treated. High costs of complete 
containment or chemical treatment have made microbial degradation more attractive. 
Biological treatment technology is available for cyanidation waste waters but to date, there 
has been no economical biological treatment for solid waste material.

This research basically had two goals:

1. To isolate any strains of bacteria native to the solid residue that could tolerate 
and potentially use complexes metal-cyanides to meet nutritional needs.

2. To isolate and stress the bacteria strains to obtain a population that would 
enhance the natural degradation of cyanide compounds.

The natural degradation of complexed cyanide is likely to be a combination of oxidation, 
photo-decomposition and microbial degradation. The more stable metal-cyanide complexes 
such as the ferro, gold or cobalt cyanides are not naturally decomposed in a solid waste 
matrix. Natural biodegradation of these complexes is not likely, due to the potential 
toxicity' of both the cyanide and the heavy metals to the bacteria. It was therefore 
necessary to find strains of bacteria that could tolerate both cyanide and heavy metals, use 
cyanide as a carbon and/or nitrogen source and accumulate metals.

Microbial assays of cyanide-leached mining residue were conducted to determine presence 
of bacteria at different levels of total cyanide in the residue. Freshly leached and water- 
washed residue typically has 100-150 mg total cyanide per kilogram of residue. Bacteria 
were found to be established only when total cyanide values had dropped to less than 30 
mg/kg total cyanide through natural attenuation and removal mechanisms. The bacteria
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found in this older residue were identified as a mixed population of both spore-forming and 
non-spore forming bacteria. BuclM, Thlobucllli und Actinomyces were specifically 
identified as showing promise for cyanide biodegradation and metal tolerance.

Samples of all three types of bacteria were cultured in pnrichment media with up to 100 
mg/L cyanide (as a sodium cyanide). A culture provisionally identified as a mixed 
Bacillus population showed some promise in both cyanide tolerance and degradation after 
serial subculture in a Bacillus isolation/sodium cyanide broth. This culture, however, was 
not as active in bench-scale tests with leached ore residue.

A mixed population of native bacteria was isolated from a sulfide ore residue and 
subcultured for cyanide tolerance and degradation. After cyanide stress and subculture in a 
medium designed to approximate residue dump conditions, a population was found that had 
significant cyanide degradation potential.

To test the microbial cyanide decomposition, a series of bottle tests, column tests and a 
1500 ton field test were designed. The bottle test used a 1 kg sample of minus 10 mesh 
residue. Column studies were run with 250 kg of minus 3/4 inch residue packed in 6" x 
10’ plexiglass columns. The 1500 ton field test used minus 3/4 inch residue stacked 16 
feet high on an impermeable liner. Results are presented in Table I for test samples and 
controls.

Table I. Biotreatment of Solid Leached Ore Residue for Cyanide Decomposition

Residue Total Cyanide fmq/kq)

test id: Bottle Test Column Test Field Test
time: 72 hours 14 day 21 day
start/end values: start/end start/end start/end

Biotreatment 123. <0.1 125. <0.1 77.0 3.8
Control (water- 117. 53.0 127. 49.3 27.C' 23.1
wash)

Note: In wash wash control tests, soluble metal-cyanide compounds are relocated through 
dilution end physical transport but are not decomposed.

Historical data collected from a 5 million ton residue pile indicates that natural 
decomposition takes total cyanide values to less than 30 mg/kg total cyanide in less than 6 
months. Total cyanide values then remain at 10-30 me/kg for at least five years. An 
enhanced microbial cyanide decomposition scheme clearly shows many advantages for 

detoxifying solid waste residue.
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Depletion of known ore reserves and increased demand for precious metals have caused 
a revolution in biohydrometallurgical processing technology for gold recovery. Known ore 
deposits and future discoveries are most likely to be lower grade sulfide ores that can be difficult 
to recover with current leaching technology. Future metal recovery operations will increasingly 
use bio-oxidation techniques.

Bacteria are an integral part of mineral cycling and mineral transformation in nature. 
Although biological processes are recognized as part of the mineralization and oxidation reactions 
in some ore deposits, they have only recently been applied to enhancing metal recovery in 
hydrometallurgical procedures. This paper explores the traditional metallurgical application of 
biological leaching and oxidation reactions and reviews the complete range of bacteria available 
for metal recovery systems. Pre- treatment of ores with bacteria improves metal recoveries in 
tank leaching systems and shows promise for heap leaching methods.
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Introduction

There is no longer any question that bacteria play a natural role in the on-going 
transformation of some ore deposits (1,2). As applied to sulfide ores, a few strains have been 
specifically identified that exhibit a natural leaching potential (3). These bacteria can be isolated 
from waters and soils in old mining districts where they contribute to continuing leaching and 
pollution problems in acid drainage and heavy metal solubilization. Sulfur and iron bacteria as 
well as many heterotrophic strains have also been found in ore deposits and sedimentary rocks 
at depths up to 2000 meters (4). Their presence in both ore deposits and processed ores shows 
the microbial association with natural leaching and the potential role that bacteria can play in the 
development of new leaching technology.

The bacteria that are most likely to be found in these specialized environments are the 
chemolithotrophs, or those bacteria that derive all of their nutrient requirements from inorganic 
sources. Bacteria included in this category are the genera Thiobacillus, Thiomicrospira, 
Sulfolobus, Desulfovibrio and Beggiatoa. The cells use iron and sulfur as sources of nutrients 
for growth, bio-energetics and replication. Any bacteria population mix in these specific 
environments is in a state of flux where succession populations develop as the environment or 
the character of the deposit changes. There is evidence that Thiobacillus ferrooxidans is one such 
bacteria that becomes dominant under aerobic conditions and performs the final stages of sulfide 
ore transition (5). Other native bacteria operating in a wide range of optimal temperatures, pH, 
pressure and nutrient media also have the potential for development as bioleaching populations.

Bio-leaching or bio-oxidation processes are essentially metal accumulation/ biomineralization 
cycles that could be developed as a bioengineered solution for increased precious metal recovery 
from sulfide ores. The key to the process development is understanding the natural role bacteria 
can play in ore deposit formation and transformation. Natural processes take place on a geologic 
time scale and the answer to engineering both time and recovery improvements is found in new 
bioaugmentation techniques. Bioaugmentation can be best described as the use of 
microorganisms that have been selected for desirable natural traits and that have then been 
enhanced in the laboratory. Augmenting a population selectively eliminates competing, 
non-working bacteria and amplifies the desired characteristics of the working microorganisms. 
These methods take natural reactions one step further and create a specialized leaching population 
through selective culturing and randomly induced mutations. The remainder of this review 
identifies the selection, adaptation and augmentation techniques currently being used or developed 

in biohydrometallurgy research.
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Identification of Ore Transformation Bacteria

Sulfur cycles and oxidation/reduction of metals are the most important reactions to 
consider in development of bioleaching technology. The wide variety of bacteria that participate 
in these reactions in nature implies that evolution of specialized bio-oxidation populations should 
be theoretically possible for most ore-specific leaching problems. It is important to look at both 
sulfur and iron cycles, as the by-products of one can be either inhibitory or necessary to the 
other.

The Thiobacilli are unique because they are able to derive all of their energy 
requirements from the oxidation of inorganic sulfur. These reactions consist of both assimilatory 
and dissimilatory redox reactions involving sulfides, thiosulfates, elemental sulfur and 
tetrathionates. The temperature and pH conditions are also significant due to the formation of 
a variety of rate-limiting or insoluble by-products. The basic sulfur cycle detailed in Figure 1. 
shows the formation of reaction products and their place in the cycle. Both aerobic and 
anaerobic bacteria figure in different parts of the sequence. Many equilibrium reactions exist 
within these transformations and complimentary reactions provide a symmetrical system of 
synthesis and decomposition.

Figure 1. Geochemical and Biological Sulfur Cycles
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The sulfur bacteria are defined as any chemotropic microbial population capable of 
oxidizing inorganic sulfur compounds for the generation of energy. Sulfur bacteria are included 
in the genera Achromatium, Macromonas, Thiobacterium, Thiospira, Thiovillium, Beggiatoa, 
Thiothrix, Thioploca, Thiobacillus and Thiomicrospira (6).

The bacterial oxidation of metal sulfides such as pyrite is a complex process which is 
dependent upon a number of environmental factors such as pH and the presence of oxygen. The 
most thoroughly studied microorganism regarding sulfide oxidation is Thiobacillus ferrooxidans 
which grows at an optimal pH range between 2.0 to 3.5 (7). Iron is necessary to many life 
processes in bacteria as a chelating agent, for nitrogen fixation in some microbes, and as a 
terminal electron acceptor for cell energy reactions. The processes are a combination of 
biologically catalyzed reactions and chemical reactions that can potentiate the oxidation of 
various metal sulfides. The dominant bacterial reactions involving iron are summarized in the 

following equations.

The oxidation of pyrite by T. ferrooxidans is a pH dependent reaction occurring below 
pH 4.0. Ferrous sulfate and sulfuric acid are the main reaction products, illustrated by

FeS2 + 3.5 02 + HjO FeS04 + H2S04 (1)

The system pH drops due to the acid formation and can alter the environment on a 
microenvironmental scale or, over time, on a macro-environmental scale. The ferrous sulfate that 
is formed is further oxidized by either Thiobacillus ferrooxidans or T. thiooxidans to form ferric 

hydroxide or ferric sulfate.

4 FeS04 + 02 + 2HjS04 2 Fe2(S04)3 + 2H20 (2)

At an elevated pH, the ferric iron will be hydrated to form an insoluble ferrous oxide.

Fe^SOJj + 6 H20 2 Fe(OH), + 3 H2S04 (3)

The ferric ion is a strong chemical oxidizing agent which will chemically oxidize pyrite. The 
ferric ion remains in solution at a pH <3.0 and will continue to catalyze the reaction which yields 

more ferrous iron.

FeS2 + Fe^SOJ, 3 FeS04 + S° (4)

The dissimilatory sulfate reducing bacteria have been identified as a source of pyrite in 
mineral deposit transformation (8). Pyrite is formed in nature from the reduction of sulfates or 
oxidation of H2S. The elemental sulfur and the hydrogen sulfide can react with soluble metals 
to form the insoluble metal sulfides. The microbially mediated iron cycle presented in Figure
2. further summarizes the oxidation and reduction reactions that are catalyzed by bacteria.

4

.. 

The sulfur bacteria are defined as any chemotropic mkrobial population capable of 
oxidizing inorganic sulfur compounds for the generation of energy. Sulfur bacteria are included 
in the genera Achromatium, Macromonas, Thiobacterium, Thiospira, Thiovillium, Beggiatoa, 
Thiothrix, Thioploca, Thiobacillus and Thiomicrospira (6). 

The bacterial oxidation of metal sulfides such as pyrite is a complex process which is 
dependent upon a number of environmental factors such as pH and the presence of oxygen. The 
most thoroughly s~udied microorganism regarding sulfide oxidation is Thiobacillus ferrooxidans 
which grows at an optimal pH range between 2.0 to_ 3.5 (7). Iron is necessary to many life 
processes in bacteria as a chelating agent, for nitrogen fixation in some microbes, and as a 
terminal electron acceptor for cell energy reactions. The processes are a combination of 
biologically catalyzed reactions and chemical reactions that can potentiate the oxidation of 
various metal sulfides. The dominant bacterial reactions involving iron are summarized in the 
following equations. 

The oxidation of pyrite by T. ferrooxidans is a pH dependent reaction occurring below 
pH 4.0. Ferrous sulfate and sulfuric acid are the main reaction products, illustrated by 

(1) 

The system pH drops due to the acid formation and can alter the environment on a 
microenvironmental scale or, over time, on a macro-environmental scale. The ferrous sulfate that 
is formed is further oxidized by either Thiobacillus ferrooxidans or T. thiooxidans to form ferric 
hydroxide or ferric sulfate. 

(2) 

At an elevated pH, the ferric iron will be hydrated to form an insoluble ferrous oxide. 

(3) 

The ferric ion is a strong chemical oxidizing agent which will chemically oxidize pyrite. The 
ferric ion remains in solution at a pH <3.0 and will continue to catalyze the reaction which yields 
more ferrous iron. 

3 FeSO4 + S0 (4) 

The dissimilatory sulfate reducing bacteria have been identified as a source of pyrite in 
mineral deposit transformation (8). Pyrite is formed in nature from the reduction of sulfates or 
oxidation of H2S. The elemental sulfur and the hydrogen sulfide can react with soluble metals 
to form the insoluble metal sulfides. The microbially mediated iron cycle presented in Figure 
2. further summarizes the oxidation and reduction reactions that are catalyzed by bacteria. 

4 

( 



Figure 2. Geochemical/biological iron cycles in pyrite oxidation

In addition to T. ferrooxidans and T. thiooxidans, a number of other bacteria have been 
implicated in the biological decomposition of various mineral sulfides and in the solubilization 
of metals. The iron bacteria T. ferrooxidans, T. thiooxidans and the Ferrobacilli have proven 
effective in tank leaching of gold ores and ore concentrates (9,10) and have been used in copper 
dump leaching (11). Other bacteria that have been found in association with sulfide ores include 
T. thioparus, T. perometabolis, T. denitrificans, T. neapolitanus, Arthrobacter and Chromatium 
(12). Growth characteristics are listed in Table I. for select bacteria identified with sulfide 
transformations. These bacteria show a wide range of growth conditions they can operate in and 
demonstrate the extensive assortment of bacteria that could be involved in sulfide ore 

transformation.
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Table I. Sulfide Ore Bacteria, Growth Conditions

mmmmM

microorganism pH temp., °C aerobic nutrition

Thiobacillus thioparus 4.5-10 10-37 + autotrophic
T. ferrooxidans 0.5-6.0 15-25 + it
T. thiooxidans 0.5-6.0 10-37 + II

T. neapolitanus 3.0-8.5 8-37 + ii
T. denitrificans 4.0-9.5 10-37 +/- it

T. novellus 5.0-9.2 25-35 + it

T. intermedius 1.9-7.0 25-35 + ti
T. perometabolis 2.8-6.8 25-35 + M

Sulfolobus acidocalderius 2.0-5.0 55-85 + II

Desulfovibrio desulfuricans 5.0-9.0 10-45 - hetero trophic

Although many of these bacteria are strictly aerobic, there are some microbes such as 
T. denitrificans that will act as a facultative anaerobe in anoxic conditions. The bacteria are 
capable of substituting iron, copper or even nitrate for oxygen as a terminal electron acceptor in „
the energy reactions of the cell. These reactions are defined for only a few microorganisms but (._

raise the question about the role of other potential facultative anaerobes in the transformation of 
ore deposits.

The main point in identifying these microbial associations with sulfide ores is that 
bacteria other than the most acidophilic strains probably have some small role to play in ore 
oxidation and transformation. Conditions in many ore deposits are such that these bacteria 
apparendy exist in only small numbers or less viable populations. The key to using these • 
bacteria in biohydrometallurgical processes is then the adaptation to an ore and augmentation of 
the population to carry out specific leaching goals. Each ore will present very specific leaching 

problems but there is evidence that bacteria other than the Thiobacilli can be effective in mineral 
leaching (13). This broadens the range of conditions for bacterial leaching and shows increased 
promise for design of fixed-bed reactor bioleaching programs. Even though ore specific leaching 
problems preclude the use of generic populations, bio-engineered solutions in bacteria population 
design should be possible for many ore types.
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Tank Bioleaching for Sulfide Ores

Tank bioleaching of sulfide ores and ore concentrates has been successfully demonstrated 
by several companies and is offered as an alternative to other refractory ore treatments such as 
roasting or pressure oxidation. Tank leaching presents economic and environmental advantages 
over these traditional processes for ore concentrates or high grade ores (14). With low to 
medium grade ores, though, the tank bioleaching processes are not as economically attractive. 
Reagent and energy costs eliminate very refractory, low grade ores from tank bioleaching and 
process control and recovery problems preclude heap leaching at the present time.

The fundamental principal involved in successful tank bioleaching is that the bioleaching 
is a pre-treatment step prior to conventional cyanide leaching. Solubilization of gold or silver 
during the bioleaching is not a goal of the bio-oxidation steps. There are indications that many 
ores do not need a homogeneous dissolution of the sulfides to effect a successful cyanide leach 
(15, 16). The tank bioleach process detailed in Figure 3. takes from 24 hours to several days 
depending on the ore and the pulp densities. The most efficient tank leaches use T. ferrooxidans 
that have been grown to a working concentration separately from the ore and are then added with 
nutrients for the bioleach process. The growth requirements of Thiobacillus ferrooxidans are the 
best defined for all of the Thiobacilli and the bacteria are ubiquitous in processed sulfide ores 
(17), mine drainage solutions and many transition zone ores.

Tank bioleaching technology can typically improve gold recoveries to 85 to 95% total 
recovery. Process control of pH and temperature can effect the economy of the process or its 
workability in some environments. One of the advantages of the tank bioleaching is that it 
allows for close control of pH and temperatures that would be impossible to control in a heap 
leach situation.

Bioleaching with an optimized tank design was originally conceived as an improvement 
to conditions for leaching precious metals. Leaching in natural reactor systems (dump leaching) 
is an effective process for base metal recovery systems but is not acceptable for precious metal 
leaching circuits. Tank designs used effectively in different processes include continuously 
stirred tank reactors or cascade reactor systems for continuous processing. Both batch and 
continuous processes are possible with an upper limit of a 10 to 20 tpd capacity (18).

Other options for microbial pre-treatment of ores in tank leaching operations include the 
use of thermophilic microorganisms or elevated pressures to enhance bioleaching rates (19,20,21). 
While most of the research using thermophiles such as Sulfolobus acidocalderius has been for 
copper extraction, these microorganisms should have the same potentials for heap or tank bio­
oxidation of precious metals. The advantage of using a balanced population of mesophilic and 
thermophilic microorganisms is that each population would be variably active depending upon 
temperatures within a tank leach or a heap leach. The balanced population concept would elimi­
nate the need for the strict temperature control necessary for very specialized leaching 
populations.
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TANK BIO-OXIDATION PROCESS
Pilot Plant Testing

Figure 3. Tank Bio-oxidation Flowchart

Heap Leaching with Bacteria

The development of a bio-oxidation process for heap leaching of sulfide ores is a 
combination of bacteria selection/adaptation and process operation design. It is clear that 
bioleaching or bio-oxidation processes occur naturally within ore deposits and processed ores and 
that microbial pre-treatment of ores has proven to be effective in tank leaching methods. In any 
in situ treatment, however, there are addiuonal limiting factors controlling the process design. 
The problems to be solved in bioleaching design for column or heap leaching include bacteria 
selection and adaptation, temperature control and pH control. Metal-hydroxide precipitates and 
other reaction by-products can form an insoluble coating on a sulfide surface. Formation of any 
protective reaction products on the sulfide surface can inhibit further bioleaching or subsequent 
cyanide leaching. Nutrient requirements and possible toxic species in the ore must also be 

identified in preliminary research.
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Heap Leaching with Bacteria 

The development of a bio-oxidation process for heap leaching of sulfide ores is a 
combination of bacteria selection/adaptation and process operation design. It is clear that 
bioleaching or bio-oxidation processes occur naturally within ore deposits and processed ores and 
that microbial pre-treatment of ores has proven to be effective in tank leaching methods. In any 
in situ treatment, however, there are additional limiting factors controlling the process design. 
The problems to be solved in bioleaching design for column or heap leaching include bacteria 
selection and adaptation, temperature control and pH control. Metal-hydroxide precipitates and 
other reaction by-products can form an insoluble coating on a sulfide surface. Formation of any 
protective reaction products on the sulfide surface can inhibit further bioleaching or subsequent 
cyanide leaching. Nutrient requirements and possible toxic species in the ore must also be 
identified in preliminary research. 
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The first step in the bio-oxidation process design is the isolation and adaptation of the 
bioleaching population. Bacteria can be isolated directly from the ores or adapted from existing 
populations. Adaptation to the ore includes growth of the bacteria in chemically defined media 
and also in ore infusion media. These techniques assure that the leaching population will be both 
tolerant of possible toxic components in the ore and also able to use the ore as a nutrient source 
for sulfur and iron. At this development stage, information from flask adaptation and leaching 
tests can identify metal and reaction by-product solubilization.

The portion of a population native to the ore that will actually participate in the 
bio-oxidation of the ore can be a very small percentage of the total population. The non-working 
portion of the population can competitively inhibit the sulfide oxidizing bacteria to the point 
where the sulfide decomposing strains may be unable to have any significant impact on the 

bio-oxidation. For this reason, the adaptation/augmentation process must be done for each 
ore-specific leaching problem. Each specialized population may also require distinctive nutrients 
which can be identified at this stage of the process research.

A bioaugmentation of the working population is accomplished by selective separation and 
culturing techniques. The end result of a successful bioaugmentation is a strain of working 
bacteria that has been selectively enhanced for each ore-specific leaching problem. This working 
strain can be ideally balanced with bacteria that can either extend the working life of the 
bio-oxidation bacteria, or be effective under different environmental conditions. The perfectly 
balanced bio-oxidation strain would contain bacteria that acted as:

1. Primary bioleaching bacteria

2. Secondary strains to remove rate-limiting by-products.

3. Secondary bioleaching strains active at different pH ranges.

4. Secondary bioleaching strains active at elevated temperatures.

This ideal, working population would then be grown separately from the ore in an optimized 
nutrient media and inoculated on the ore when log phase growth had been reached. This separate 
growth technique insures that sufficient numbers of working bacteria will be available for the bio­
oxidation processes and will not be dependent upon generation of the working population in the 
ore. Biostimulation techniques where native bacteria are activated by nutrient addition can also 
be effective in some situations and offers the advantage of eliminating the time-consuming 
isolation and augmentation methods. The bioaugmentation techniques, however, appear at this 

time to have the best potential for development of heap leach bio-oxidation technology.

The final problem to deal with in each specialized population development sequence is 
the tendency of bacteria to mutate and change carefully engineered metabolic characteristics.
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Bacteria are generally susceptible to enzymatic re-orientation caused by any alteration of their 
environment. This can mean that the metabolic characteristics that allow the bacteria to perform 
successful bioleaching can abruptly change when inoculated on the ore or for obscure reasons 
during the bio-oxidation process. There is no perfect way to control this problem but it can be 
mitigated by careful preservation of the working strains as back-up. Growth of the bacteria to 
concentrations significantly greater than those necessary for optimal bioleaching can also dilute 
the effects of random mutations and changes in the working strains.

The test series for successful bioleaching includes:

1. Tank leaches under carefully controlled conditions to define 
bacteria growth characteristics and changes, metal solubili­
zation, by-product formation and leaching efficiencies.

2. Column leaches to predict field performance of working bac­
teria under less controlled conditions with larger sulfide
ore fractions.

3. Pilot heap leaches to determine the actual field performance 
of the bioaugmented bacteria.

Each test stage allows for process adjustment including additions of new bacteria, 
optimized bioleaching contact times and field re-culturing of large quantities of the working 
bacteria. It is also possible that selected wash cycles might be necessary to remove bioleaching 
metabolic by- products or to kill the bacteria at the end of the bio-oxidation cycle. Many of the 
bacteria that have a potential for sulfide bioleaching can also have a negative impact on cyanide 
consumption during the cyanide leach cycle.

The research template detailed in Figure 4 summarizes the process development scheme 
for isolation and adaptation of the bio-oxidation bacteria.
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Bio - Oxidation Process Development

Conclusions

Bio-extractive metallurgy is a technique that will be necessary to the development of 
many sulfide ore reserves now and in the future. Bacterial oxidations have proven to be useful 
in dump recovery operations as well as tank leaching for gold and silver. The techniques offer 
some economic and environmental advantages over traditional processes but need to be further 
developed to have an impact on gold recovery in low grade sulfide ores. The key to this 
development will come through biotechnology improvements using bioaugmentation engineering 

processes.
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Chapter 34

New Technologies for Mining Waste Management 

Biotreatment Processes for Cyanide, Nitrates and Heavy Metals

L.C. Thompson and R.L. Gerteis

Abstract

Cyanide, nitrates and heavy metaJj are by-products 
of mining and recovery operations that have the poten­
tial to influence soil, surface water, groundwater and air 
quality. Natural bacteria treatment processes were 
developed and tested for cyanide decomposition, denitri­
fication and metal re-mineralization in leached ore 
residues and groundwater. Bench-scale lab tests and 
field tcsrwork demonstrated the efficiency of microbial 
treatments for In Shu remediation of ore residue and 
process solutions.

Introduction

Precious metal heap leaching technology has develo­
ped in the United States since the late 1960's and with 
the rise in gold prices is responsible for the rapid in­
crease in gold production in this country. The economy 
of heap leaching is based upon a closed-circuit design 
in which dilute cyanide process solutions are continuo­
usly recycled. Little or no effluent is discharged to the 
environment. Despite the low environmental impact of 
most plant operations, some wastes may require treat­
ment of residual cyanide, nitrate and heavy metals. The 
development of novel treatment and waste management 
procedures has been encouraged by responsible business 
practices and increasingly conservative regulatory poli­
cies. Biocreatment of cyanide and heavy metals in solid 
and aqueous wastes are some of the most promising of 
the new treatment technologies.

After metaJs have been extracted from ore in a 
cyanide heap leach, ore residues are washed to remove 
most of the remaining cyanido and precious metals. 
Cyanide exists as three basic complex forms in a leach­
ed ore residue. Hydrogen cyanide, the most unstable 
form, can exist in ionic form in solution only at an 
elevated pH. Easily dissociable metal-cyanides, such as 
zinc cyanide, will naturally degrade through a variety of 
chemical, physical and biological processes. Ferrocyan- 
ides, cobalt and gold cyanide compounds, the strongly 
complexed mctaJ-cyanides, arc extremely stable in na­
ture and can persist in aqueous and solid matrices (To-

will, et al). Natural volatilization, attenuation and de­
composition can be expected to remove most of the 
easily dissociable cyanides from a solid ore residue. 
The small amount of cyanide remaining will be the 
more stable metal-cyanides and these complexes may 
exhibit a longer-term stability.

Current cyanide waste mitigation technology em­
phasizes the treatment of aqueous wastes through chemi­
cal or biological methodologies. The chemical treat­
ments for cyanide include oxidation processes such as 
hydrogen peroxide treatment, ozonation, alkaline chlori­
nation or sulfur dioxide treatment (Huiatt, et al). Other 
approaches for cyanide removal consist of various ad­
sorption, precipitation or electrolytic procedures. The 
main disadvantages of these traditional treatment me­
thods are that:

1) Chemical remediation processes can be cost­
ly-

2) Conventional chemical treatents are only 
partially effective for total cyanide treatment

3) Treatment can replace the cyanide with ano­
ther undesirable pollutant.

4) Most remediation is designed mainly for 
treatment of aqueous-based waste forms.

Possible advantages of bioremediation are that treat­
ment can be more cost effective and complete treatment 
of complexed cyanide is achieved. Tracer studies have 
determined that the by-products of microbial cyanide 
decomposition reactions (Miller and Orgcl) arc natural 
and non-toxic. Denitrification end-products are also 
non-toxic (Cooper and Smith) and the result of bacterial 
metal accumulation is immobilization/biomineralization 
of soluble metals (Lowenstam and Weiner).

Bacteria have been used in general aqueous waste 
treatment for over 50 years (Johnson, et al). In a muni­
cipal or agricultural waste treatment system, bacteria can 
degrade many organic wastes to harmless by-products 
through normal cellular metabolic reactions. The com­
plexity, concentration and potential high toxicity of 
cyanide waste forms, however, often preclude the use of 
natural bacteria treatment methods. Using bacteria for 
biodegradation of cyanide wastes from electroplating

271

( 

( 

( 

' , 

Processing Wastes. May JO - June 1, 1990, Unversity of California 
a~ Berkeley. Published in Mining and Mineral Processing Wastes, 
Fiona M. Doyle, editor. Society for Mining, Metallurgy and 
Exploration, Inc., Publishers. Littleton, Colorado 1990. 

Chapter 34 

New Technologles for Mining Waste Management 

Biotreatment Processes for Cyanide, Nitrates and Heavy Metals 

L.C. Thompson and R.L. Geneis 

Abstract 

Cyanide, nir:rat.cs and heavy me!Als are by-products 
~£ min~g Md rcc?very operations that have the poren­
tlal 10 influence soil, surface warer, groundwater and air 
quality. Natural bacreria treatment proc·esscs were 
developed and lested for cyanide decomposition, denitri­
fication Md meta.I re-mineralization in leached ore 
residues and groundwater. Bench-scale lab lesu and 
field tcstwork demonstrated the efficiency of microbial 
treatments for In Situ remediation of ore residue and 
process solutions. 

Introduction 

Prtcious metal heap leaching technology has develo­
ped in the United Stares since the !are l960's and wi1h 
the rise in gold prices is responsible for the n1pid in­
crease in gold produc1ion in this counay. ·The economy 
of heap leaching is based upon a closcd-circui1 design 
in which dilute cyanide proce.u solutions are continuo­
usly recycled. Llnie or no effluent u discharged to the 
environment. Despile the low environmental impact of 
most plant operations, some wastes may require treat· 
ment of residual cyanide, nitrate and heavy metals. The 
development of novel treatment and wasre management 
procedures has been encouraged by responsible business 
practices and increasingly conservative rcgula1ory poli­
cies. Biotrcatmcnt of cyanide and heavy metals in solid 
a.nd aqueous was1es arc some of the most promising of 
the new treatment technologies. 

After metals have been ext.acted from ore in a 
cyanide heap leach, ore residues arc washed 10 remove 
most of the remaining cyanide. and precious metals. 
Cyanide exists as three basic complex fonns in a leach­
ed ore residue. Hydrogen cyanide, the most unstable 
fonn, can exist in ionic form in solution only at an 
elevated pH. Easily dissociable met.al-cyanides, such as 
tine cyanide, wiU naturally degnde through a varie1y of 
chemical, physical and biological processes. Ferrocyan­
ides, cobalt a.nd gold cyMide compounds, the strongly 
complexed metal-cyanides, arc extremely stable in na­
ture and can persist in aqueous and solid mabices (To-
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will, et al}. Na1uraJ volatiliz.ation, a11enua1ion and de­
compos1uon can be expected 10 remove most of 1he 
easily dissociable cyanides from a solid ore residue. 
The smaJI amount of cyanide ~mafoing will be the 
mor:c stable metal-cyanides and these complexes may 
exhibit a longer-lenn stability. 

Current cyanide waste mirigation technology em­
phasizes the 1reatmen1 of aqueous wastes through chemi­
cal or biological methodologies. The chemical treat• 
menu for cyanide include oxidation processes such u 
hydrogen peroxide treatment, ozonation, allcaline chlori­
nation or sulfur dioxide treatment (Huiatt, et al}. Other 
approaches for cyanide removal consist of various ad· 
sorption, precipitation or electrolytic procedures. The 
main disadvMtages of these traditional trcatmenl me­
thods arc thai: 

I) 

2) 

3) 

4) 

Chemical rcmedia1ion processes can be cost­
ly. 
Conventional chemical trcatenrs arc only 
partially effective for total cyanide crc.atmenL 
Treatment can replace the cyanide with ano­
ther undesirable pollutant. 
Most remediation is designed ma.inly for 
trcatment of l!QUCOUS•based waste forms. 

Possible advantages of bioremcdiation arc that treat• 
mcnt can be more cost effective and complete treatment 
of complexed cyanide is achieved. Tracer srudics have 
determined that the by-products of microbial cyanide 
decomposition reactions (Miller and Orgel) arc natural 
and non-toxic. Denibification end-products arc also 
non-toxic (Cooper and Smith) e.nd the result of bacterial 
metal accumulation is immobilization/biomineraJization 
of soluble metals (Lowcnstam and Weiner). 

Bacteria have beGn used in general aqueous wure 
trcalment for over SO years (Johnson, et al). (n a muni­
cipal or agricultural wa.sre treatment system, bacteria can 
degrade many organic wastes to hannless by-products 
through nonnal cellular metabolic reactions. The com­
plexity, concentrilrion and polential high toxicity of 
cyanide waste fonns, however, ofren preclude the use of 
natural bacteria treatment methods. Using bacteria for 
biodegrad.1tion of cyanide wastes from electroplating 
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operations was proposed as early as 1936 (Pettet and 
Mills). The mining industry in both the Soviet Union 
(Grableva and Ilyaletdinov, et al) and the USA (Mudder 
and Whitlock, 1984) has developed microbial treatment 
schemes for cyanidation wastewaters. In microbial 
cyanide decomposition, cyanide is used by the treatment 
bacteria as a carbon and/or nitrogen source for cell 
metabolic processes.

The main goals of this research and testing program 
were to:

1. Isolate bacteria that were tolerant to high con­
centrations of cyanide.

2. Identify bacteria with the natural ability to use 
cyanide compounds or nitrate as a source of 
nutrients.

3. Stress native populations of cyanide-tolerant bac­
teria in chemically defined broths to enhance the 
natural cyanide-degradation abilities.

4. Demonstrate the cyanide biodecomposition and 
denitrification potential of the lab-enhanced bac­
teria in controlled tests for both aqueous and 
solid cyanide-containing wastes.

5. Evaluate biotreatment costs and efficiencies for 
solid waste remediation.

Experimental 

Cyanide Biotreatment

A biotreatment program was developed in the lab 
and field tested for removal of total cyanide and nitrate 
in solid ore residue and leachate solutions. The test 
approach is outlined • in Figure 1 and included experi­
ments for biotreatment of leached ore residue, process 
solutions and groundwater.

Although volatilization, complexation and adsorption 
are the predominant mechanisms of cyanide removal, 
biological elimination of cyanide could be a significant 
factor in ore residue or soil treatment. Cyanide metabo­
lism is known to occur naturally in many bacteria and 
fungi (Knowles). Soil bacteria and pathogenic fungi are 
also found near cyanogcnic species of plants which 
indicates microbial tolerance to cyanide if not cyanide 
decomposition capacity (Fry and Myers). Bacteria that 
have been implicated in cyanide decomposition include 
diverse species of the genera Pseudomonas (Mudder and 
Whitlock), Bacillus (Castric and Scrobcl), Thiobacillus 
(Buchanon and Gibbons), some cyanobacteria (Ponomar­
eva, et aJ), mixed populations (Grableva, et al), and 
Acrinomycetes(Harris and Knowles).

Laboratory studies using labeled potassium cyanide 
have shown that bacteria will use the carbon or nitrogen 
from the cyanide. Cyanide components form asparag­
ine, aspartic acid, carbon dioxide and intermediates such 
as B-cyanoalanine, ot-amino butyronitrile, amino acids 
and fohnamide or formic acid (Castric). Most of the 
types of bacteria capable of demonstrating cyanide 
metabolism are found in surface waters or soils that 
contain some organic matter for nutrient sources. The 
diversity of bacteria using cyanide suggests that the 
chances are good for finding bacteria specific for cyan­
ide decomposition in arid soils or leached ore residue.

Bacterial use of cyanide compounds depends on 
environmental factors such as site geochemistry, bacteria 
concentration and the native types found in cyanide 
environments. Some characteristics of soil or ore resi­
due that may have an impact on the viability of natural 
treatment bacteria are:

a. ) nutrient limitation;
b. ) the presence of toxic metals;
c. ) oxygen concentration.

Microbial assays of cyanide-leached mining residue 
were conducted to determine presence of bacteria at 
different concentrations of total cyanide in the residue. 
Freshly leached and water-washed residue typically has 
100-130 mg total cyanide per kilogram of residue. 
Bacteria were found to be established only when total 
cyanide values had dropped to less than 30 mg/kg total 
cyanide through natural attenuation and removal mech­
anisms. The bacteria found in this older residue were 
identified as a mixed population of both spore-forming 
and non-spore forming bacteria. Bacilli, Thiobacilli and 
Actinomyces were specifically identified as showing 
promise for cyanide biodegradation and metal tolerance.

Samples of ail three types of bacteria were cultured 
in enrichment media with up to 100 mg/L cyanide (as a 
sodium cyanide). A culture provisionally identified as a 
mixed Bacillus population showed some promise in both 
cyanide tolerance and degradation after serial subculture 
in a Bacillus isolation/sodium cyanide broth. This 
culture, however, was not as active in bench-scale tests 
with leached ore residue.

A mixed population of native bacteria was isolated 
from a sulfide ore residue and subcultured for cyanide 
tolerance and degradation. After cyanide stress and 
subculture in a medium designed to approximate residue 
dump conditions, a population was found that had sig­
nificant cyanide degradation potential. A comparison 
between native bacteria and biologically augmented 
populations for cyanide decomposition is shown in 
Figure 2.

The purpose of lab augmentation is to eliminate 
portions of the population that do not contribute to 
cyanide decomposition. The active cyanide decompos­
ing bacteria can be a quantitatively small fraction of the 
total bacteria. Augmentation and stress tests eliminate V

----- - -- ~---
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operations was proposed as early as 1956 (Pc11e1 and 
Mills). The mining industry in bolh 1he Soviet Union 
(Grableva and IlyaJc1dinov, er al) and 1hc USA (Mudder 
and Whillock, 1984) has developed microbial trca1mcn1 
schemes for cyanid:11ion w.:u1cw:11ers. Jn microbi:il 
cyanide dccomposirion, cyanide is used by 1he 1re:11men1 
bacteria as a c:irbon and/or ni1rogen source for cell 
metabolic processes. 

The main goals of 1his research and testing program 
were 10: 

J. Jsolare bacteria lhar were roleram 10 high con­
ccn1ra1ions of cyanide. 

2. Identify bacteria with the natural ability 10 use 
cyanide compounds or niaare as a source of 
nuaicnrs. 

3. Strcss native populations of cyanide-tolerJnl bac­
teria in chemically defined broths to enhance the 
natural cyanide-degradation abilities. 

4. Demons1rate the cyanide biodecomposition and 
denitrification potential of the lab-enhanced b:ic­
teria in con1r0lled 1ests for both aqueous and 
solid cyanide-containing wastes. 

5. EvaJuate bio1reatment com and efficiencies for 
solid waste remediation. 

Experimental 

Cyanide Biotreatmenl 

A biotrcatment program was developed in the lab 
and field tested for removal of total cyanide and nit.r.ite 
in solid ore residue and leachate solutions. The test 
approach is outlined . in Figure 1 and included experi­
ments for bio1rcatment of leached ore residue, process 
solutions and groundwater. 

Although volatilizarion, complexation and adsorption 
are lhe predominant mechanisms of cyanide remov:il, 
biological elimination of cyanide could be a significanl 
factor in ore residue or soil IJ"Catmcnt Cyanide metabo­
lism is known to occur naturally in many b:ic1cria :ind 
fungi (Knowles). Soil bacteria and pathogenic fungi are 
also found near cyanogcnic species of plants which 
indicates microbial tolerance to cyanide if not cyanide 
decomposition capacity (Fry and Myers). Bacteria that 
have been implicated in cyanide decomposi1ion include 
diverse species of the genera Pscudomon.is (Muddcr :ind 
Whitlock), Bacillus (Casaic and Saobel), Thiobacillus 
(Buchanon and Gibbons), some cyanobac1eri:i (Ponomar­
cva, ct al), mixed populations (Grableva, ct al), and 
Actinomycetes(Harris and Knowles). 

Laboratory s1udies using labeled potassium cyanide 
have shown that bacteria will use the carbon or nitrogen 
from the cyanide. Cyanide components fonn espanig­
ine, aspartic acid, carbon dioxide and in1em1edia1es such 
as B-cyanoalanine, .:x-amino bu1yronioile, amino acids 
and foima.m.ide or fonnic acid (Casoic). Most of rhe 
types of bacteria capable of demons1ra1ing cyanide 
metabolism are found in swface waters or soils 1ha1 
contain some organic maner for nuoicnt sources. The 
diversity of bacteria using cyanide suggests that 1hc 
chances are good for finding bacteria specific for cyan­
ide decomposition in arid soils or leached ore residue. 

~acterial use of cyanide compounds depends on 
cnv11onmentaJ factors such as site geochemisay, bacreria 
concentration and lhe native types found in cyanide 
environments. Some charac1eris1ics of soil or ore resi­
due that may have an impact on the viability of na1ur:il 
trc:i1men1 b:ictcria are: 

a.) nuoient limirarion; 
b.) I.he presence of ioxic metals; 
c.) oxygen concen1rauon. 

Microbial assays of cyanide-leached mining residue 
were conduc1ed to detcnnine presence of bacrcria a1 
different concena-ations of total cyanide in the residue. 
Freshly leached and water-washed residue typically has 
100-150 mg 101aJ cyanide per Jcilogram of residue. 
Bacteria were found 10 be established only when total 
cyanide values had dropped 10 less than 30 mg/leg 101al c· 
cyanide through natural a11enuation and removal mech-
anisms. The bacteria found in this older residue were 
identified as a mixed population of both spore-fanning 
and non-spore forming bacteria. Bacilli, Thiobacilli and 
Actinomyces were specifically identified as showing 
promise for cyanide biodegradarion and metal tolcrJnce. 

Samples of all three 1ypes of bacteria were cultured 
in enrichment media with up to 100 mg/I.. cyanide (as a 
sodium cyanide). A culture provisionally idcn1ificd :is a 
mixed Bacillus population showed some promise in both 
cyanide tolerance and degradation after serial subculture 
in a Bacillus isolation/sodium cyanide broth. This 
culture, however, was not as active in bench-scale 1csts 
with leached ore residue. 

A mixed population of native bacteria was isolated 
from a sulfide ore residue and subcultured for cyanide 
tolerance and degr.idation. After cyanide stress and 
subculture in a medium designed to approximate residue 
dump conditions, a population was found that had sig­
nificant cyanide degr:idation potential. A comparison 
between native b.icteria and biologically augmcn1c:d 
popula1ions for cyanide decomposition is shown in 
Figure 2. 

The purpose of l:ib augmenta1ion is 10 climin:ite 
ponions of the population that do not conoibu1c: 10 

cyanide decomposition. The aclive cyanide decompos­
ing bacrcria can be a quantitatively small frac1ion of 1he 
total bacteria. Augmentation and stress tes1s elimina1c \ 
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Bioremediation Technology Development
Laboratory Workplan

Figure 1. Research Flowchart
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Figure 2. Bioaugmentation

non-working bacteria that can competitively inhibit the 
cyanide-oxidizing microbes. Bioaugmentation also 
exploits randomly induced mutations beneficial to cyan­
ide biodecomposition.

To test the microbial cyanide decomposition, a series 
of flask tests, column tern, a 1500 ton and a 20,000 
ton field test were designed. The flask tests used a 500 
gram sample of minus 10 mesh ore residue. Column 
studies were run with 100 kg of minus 3/4 inch residue
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non-working bacteria that can competitively inhibit the 
cyanide-oxidizing microbes. Bioaugmentation also 
exploits randomly induced mutations beneficial 10 cyan­
ide biodecomposition. 

To test the microbial cyanide decomposition, a series 
of flask tests, column tests, a 1500 ton and a 20,000 
ton field test were designed. The flask tests used a 500 
gram sample of minus 10 mesh ore residue. Column 
studies were run with 100 kg of minus 3/4 inch residue 
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packed in 6" x 10’ PVC columns. The 1500 ton field 
test used minus 3/4 inch residue sucked 16 feet high 
on an impermeable liner. The 20,000 ton field test was 
run in a controlled area of a residue dump. Test areas 
were marked off to study effects of natural weathering, 
water washing, bacteria washing and direct bacteria 
injection. Results are presented in Table I for bench- 
scale testing and Table II for the column tests. Figures 
3 and 4 compare cyanide decomposition between control 
and biotreatmenu in the field pilot tests.

Table I. Bench-scale Cyanide Biodecomposition

Flask Cyanide Decomposition

total CN, mg/kg total CN, mg/kg % CN removed % CN removed 
test start test end chem/physlcal blodecompo-

Flask ID 0 hours 48 hours decomposition sltion

#1. OR-4 bacteria 123. <0.1 50-60 40-50
#2, * 135. 0.9 50-60 40-50
#3. * 130. 0.4 50-60 40-50
control, Sterile H,0 117. 53.0 54.7 <1

Experiment Design: SOOg of a -10 mesh leached ore residue were Inoculated with 20 mL of 
treatment bacteria solution or sterile deionized water. Flasks were Incubated at 21 *C (or 48 hours. 
Total cyanide In leached ore residue was determined by extraction In 5% NaOH and a reflux acid 
distillation. Residue pH - 8.9, treatment solution or water pH adjusted to 9.0

Note: Chemical and physical decomposition remove free and easily dissociable metal cyanides.

Table II. Column Tests • Cyanide Biodecomposition

Column Tests • Cyanide Biodeoompositlon

Column ID total CN total CN % decomp
mg/kg mg/kg

start, Day 0 end, day 21

#1, OR-2 bacteria 125 <0.1 99.9
#2, * 119 0.5 99.6
#3. ’ 130 <0.1 99.9
#4. ’ 108 0.2 99.8
#5, control (H,0 wash) 127 49.3 61.2
«6, control 131 57.0 56.5

For each test 100 kg ol a fresh leached ore residue was loaded 
Into a 6’x10’ vertical PVC column. One pore volume ol bacteria 
solution or sterile deionized water were applied In a percolation 
leach. Ore residue was tested for total cyanide by extracting with 
5% NaOH and distillation ol extracts In a reflux add distillation.
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packed in 6" x 10' PVC columns. The 1500 ton field 
test used minus 3/4 inch residue stacked 16 feet high 
on an Impermeable liner. The 20,000 ton field test was 
run in a controlled area of a residue dump: Test areas 
were marked off to study effects of na1ural wealhering, 
water washing, bacteria washing and di.Jut bacleria 
injection. Results a.re presented in Table I for bench­
scale testing and Table U for I.he column tests. Figures 
3 and 4 compare cyanide decomposition between control 
and biotrcatments in the field pilot tests. 

Table I. Bench-scale Cyanide Biodec~mposition 

Flask Cyanide Deoo"l)Osltlon 

Flask 10 

total CN, mg/kg 
test start 
0 hours 

total CN, mg/kg 
test end 
48 hours 

% CN removed% CN removed 
chem'physlcal blodecompo­
deco!T1)0sltion sltlon 

11, OR-4 bacteria 
12, • 
#3, • 

. 
control, Sterile HaO 

123. 
135. 
130. 
117. 

<0.1 
0.9 
0.4 

53.0 

50-60 
50·60 
50-60 
54.7 

40.50 
40-50 
40-50 
<1 

Experiment Design: 500g of a -10 mesh leached ore residue were Inoculated with 20 mL of 
treatment bacteria solution or sterile deionized water. Flasks were lnc\Jbaled at 21•c for 48 hours. 
Total cyanide In leached ore residue was determined by extraction In 5% NaOH and a renux acid 
dlsllllallon. Residue pH • 8.9, treatment solution or water pH adjusted to 9.0 

Nole: Chemical and physical de(X)rll)OSilion remove free and easfly cf1Ssoclable metal cyanides. 

Table II. Column Tests • Cyanide Biodecomposition 

Column Tests • Cyanide Biodeoonl)Ositlon 

Column 10 total CN 
mo,1(g 

start, Day 0 

total CN % decomp 
rno,1(g 

end, day 21 

11, OR-2 bacteria 125 
119 
130 
108 
127 
131 

l0.1 99.9 
12, • 
#3, • 
#4, • 

. 0.5 99.6 
<0.1 99.9 
0.2 99.8 

#5, control (H10 wash) 49.3 61.2 
#6, control • 57.0 56.5 

For each lest 100 kg of a fresh leached ore residue was loaded 
Into a 6°110· vertical PVC column. One pore volume of bacteria 
solution or sterile deionized waler were applled In a peroolallon 
leach. Ore residue was tested for total cyanide by extracting wilh 
5% NaOH and distillation ol extracts In a reflux acid disllllallon. 
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Microoial Cyanide Decomposition 
1500 ton field test, average CN removal
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Figure 3. Cyanide Biotreatment Field Test

Microbial Cyanide Decomposition 
Bioremediation Field Test
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‘ Figure 4. Residue Bioremediation Field Test

Microbial Denitrification

Nitrates can be found in ore residue as a result of 
nitric acid used in recovery operations. They are a very 
mobile residue component that can leach into soil and 
groundwater during washing operations or natural preci­
pitation. Nitrates are regulated because they can be 
toxic to warm blooded animals under conditions that 
favor nitrate reduction to nitrile. Nitrite, in the blood­
stream, reacts with hemoglobin to form methemoglobin 
with consequent disruption of oxygen transport in respir­
atory pathways (Lehninger). These reactions are of 
particular concern for infants. Nitrates may also react 
with secondary amines in the gastrointestinal tract to 
form carcinogenic N-nitrosoamines (Qesceri et al). 
Recommended levels of nitrate nitrogen in drinking 
water are therefore, usually less than 10 mg/L and 
nitrite nitrogen at less than lmg/L (Faust and Aly).

Nitrogen, an essential nutrient for all living cells, is 
present as a component of proteins or nucleic acids in 
the cell. Some bacteria have evolved the ability to 
obtain nitrogen from nitrates for exothermic reactions or 
for assimilatory processes. The dominant use of the 
denitrification sequence by the cell is as an energy-yiel­
ding process (Payne).

Denitrification is regulated by the presence of the 
enzyme nitrate reductase in the cell. Its production in 
the cell can be stimulated by an environment low in 
oxygen or repressed by elevated oxygen tensions. The 
mechanism of reduction is the enzymatic mediation of 
the nitrate reduction to nitrite using a cytochrome b as 
the electron donor. The reaction sequence shown in 
Figure 5 indicates that end-products of denitrification 
are gaseous and are lost to the system.

Oenitrification Reactions in Baderia
ittifnff 119 

ftiettr*
NO3------  NCfc . NO - ■ . NjO ____ _ N2 f

Figure 5. Denitrification Reactions

The bacteria chosen for denitrification tests included 
the augmented cyanooxidans population and pure type 
cultures of known denitrifying bacteria. Bench-scale 
tests were run on wastewater solutions in the lab. The 
most successful population was developed for field test 
work in the 20,000 ton pilot program for leached ore 
residue treatment.

Results of lab and field denitrification studies are shown 
in Figure 6 and 7.
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nitric acid uS(:(f in recovery operations. They are a very 
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groundwater during washing operations or natural preci­
pitation. Nitrat.cs a.re regulated because they can be 
toxic 10 warm blooded animals under conditions that 
favor nitrate reduction to nitrite. Nitrite, in the blood­
stream, reacts with hemoglobin 10 form methemoglobin 
with consequent disruption of oxygen transport in respir­
atory pathways (Lehninger). These reactions a.rc of 
particular concern for Wants. Nitrates may also react 
with secondary amines in the gastrointestinal tract to 
fonn carcinogenic N-nitrosoamines (Oesceri et al). 
Recommended levels of nitrate nitrogen in drinking 
water arc therefore, usually less than 10 mg/L and 
nitrite nitrogen at less than 1 mg/I.. (Faust and Aly). 

Nitrogen, an essential nutrient for all living cells, is 
present as a component of proteins or nucleic acids in 
the cell. Soroe bacteria have evolved the ability 10 

obtain nitrogen from nitrates for exothennic reactions or 
for assimilatory processes. The dominant use of the 
denitrification sequence by the cell is as an energy-yiel­
ding process (Payne). 

Denitri.fication is regulated by the presence of the 
enzyme nitrate rcrluctase in the cell. Its production in 
the cell can be stimulated by an environment low in 
oxygen or repressed by elevated oxygen tensions. The 
mechanism of reduction is the enzymatic mcdfaLlon of 
the nitTSle reduction to nitrite using a cytochrome b es 
the electron donor. The reaction sequence shown In 
Figure 5 indicates that end-products of denitrificaLlon 
arc gaseous and are lost to the system. 
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Denitrilication Aeact,ons in Bacteria 
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Figure 5. Denitrification Reactions 

The bacteria chosen for denitrifJCetion tests included 
the augmented cyanooxidans population and pure type 
cultures of known denioifying bacteria. Bench-scale 
tests were run on wastewater solutions in the lab. The 
most successful population was developed for field test 
work in the 20,000 ton pilot program for leached ore 
residue treatment 

Results of lab and field denitrification studies a.rc shown 
in Figure 6 and 7. 
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Microbial Metal Sequestering

Heavy metals form a significant portion of the pol­
lutants found in toxic waste dumps and are increasingly 
present in our industrial wastewaters and natural surface 
and ground waters. Biological methods for concentrating 
metals from waste streams are receiving attention as 
natural process alternatives to traditional removal me­
thods. Several processes using living and non-living 
bacteria for metal accumulation have been developed in 
recent years.

The convenu'onal technology for treatment of metal 
waste streams includes physical and chemical processes 
where metals arc immobilized or recovered. Treatment 
processes include hydroxide precipitation, chemical 
oxidation or reduction, evaporation, ion exchange, ultra­
filtration, electrolysis or electrocoagulation reactions- 
(Cushnie). Many of these processes are costly and are 
not a complete solution to the problem of environmen­
tally acceptable metal disposal. Recycling efforts, in­
cluding using bacteria to concentrate metals, are receiv­
ing new attention because of high costs and long term 
liabilities associated with traditional treatment and dis­
posal methods.

Numerous species of bacteria, fungi and yeasts are 
capable of accumulating several times their weight in 
heavy metals. Bacteria have been adapted to remove 
soluble metals from waste streams containing large 
amounts of metals such as gold, silver, chromium, 
cadmium, copper, lead, zinc, cobalt and others (Ecdes 
and Hunt). There are two basic mechanisms involved 
in the metal uptake by bacteria (Starr et al):

1. Accumulation by surface binding to the bacterial 
cell wall or extracellular metabolic materials. 
The surface binding mechanisms include: •

• complexation of metals with organic com­
pounds;
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Figure 7. Field Test Denitrification

* precipitation caused by ion exchange or produc­
tion of oxalic acid in the cell;

* chelation by cell membrane components such as 
pigments, phenolic polymers, cellulosic ligands 
or chitin.

* remineralization of metal species as a result of 
complex interaction with extracellular products of 
bacterial metabolism.

2. Uptake into the cell for use in metabolic processes
as necessary nutrients.

Surface binding and extracellular complexation me­
chanisms are capable of accumulating the largest a- 
mount of metals from solution(Fenche! and Blackburn). 
Intracellular uptake is typically responsible for a minor 
contribution to overall metal removal.

Metal accumulation was not a primary goal of this 
research but it was important to prove that metals wou­
ld not be mobilized as a result of bacterial treatment of 
cyanide and nitrates. Results of lab bioaugmentation 
of native bacteria and bench scale tests are shown in 
Figures 8 and 9.
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Microbial Metal Sequestering 

Heavy metals fonn a significant ponion of the pol­
lutants found in toxic waste dumps and are increasingly 
present in our indusoial wastewaters and natural surf~ce 
and ground waters. BiologicaJ method~ ~or conce~traung 
metals from waste streams are rece1vmg at1en11on as 
natural process alternatives 10 traditional removal me­
thods. Several processes using living and non-living 
bacteria for mctaJ accumulation have bun developed in 
recent years. 

The conventional technology for treatment of metal 
waste streams includes physical and chemical processes 
where metals are immobilized or recovered. Treatment 
processes include hydroxide precipitation, chemical 
oxidation or reduction, evaporation, ion exchange, ultr.i­
filtration, electrolysis or electroeoagulation reactions­
(Cushnie). Many of these processes are costly and are 
not a complete solutio!l to the problem of environmen­
tally acceptable metal disposal. Recycling effons, !n• 
eluding using bacteria to concentrate metals, are receiv­
ing new auention because of high costs and long te,:m 
liabilities associated with traditional treatment and dis­
posal methods. 

Numerous species of bacteria, fungi and yeasts are 
capable of accumulating several times their weight in 
heavy meraJs. Bmeria have been adapted to remove 
soluble metals from waste streams containing large 
amounts of metals such as gold, silver, chromium, 
cadmium, copper, lead, zinc, cobaJt and others (Eccles 
and Hunt). There are two basic mechanisms involved 
in the met.al uptake by bacteria (Starr ct al): 

I. Accumulation by surface binding to the b:ictcrinl 
cell wall or extracellular metabolic materials. 
The surface binding mechanisms include: 

• complexation of metals wi1h organic com­
pounds; 
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• prec1p11at1on caused by ion exchange or produc­
tion of oxalic acid in the cell; 

• chelation by cell membrane components such as 
pigments, phenolic polymers, cellulosic lig~nds 
or chitin. 

• rcmineralization of metaJ species as a result of 
complex interaction with extraullular products of 
bacterial metabolism. 

2. Uptake into the cell for use in metabolic processes 
as necessary nuoients. 

Surface binding and extracellular complcxation me­
chanisms are capable of accumulating the largest a­
mount of metals from solution(Fenchel and Blackbum). 
Intracellular uptake is typically responsible for a minor 
conoibution to overall metal removal. 

Metal accumulation was not a primary goal of this 
research but it was important to prove that metals wou­
ld not be mobilized as a result of bacterial treatment of 
cyanide and nitrates. Results of lab bioaugmentati~n 
of native bacteria and bench scale tests are shown in 

Figures 8 and 9. 
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Conclusions

During the research program natural biotreatment 
bacteria were isolated and adapted to the ore residue. 
Field pilot tests, following successful bench scale test­
ing, significantly decreased both total cyanide and ni­
trate concentrations in leached ore residue or treated 
solutions. By-products of bacterial cyanide and nitrate 
metabolism were determined to be natural and non­
toxic.

The use of bacteria or fungi for removing heavy 
metals from waste streams is a rapidly developing tech­
nology that also may find application in the mining 
industry. Live bacteria, immobilized biomass and cer­
tain algae have all shown a good potential for selective 
metal removal from waste streams. At least one com­
mercial process is currently available for metal waste 
remediation. Biological concentration or re-mineraliza­
tion of metals may offer a low-cost treatment alternative 
for large volumes of contaminated groundwater or pro­
cess water from mining, milling or ore beneficiation 
operations. Used alone or in conjunction with other 
treatment technologies, bioremediation of waste metals 
may provide a means of midgating both high and low 
hazard waste streams.

The degree to which there will be a need for novel 
treatment methods for wastes from mining operations 
has not yet been determined. When waste remediation 
is required, however, biotreatment technologies should 
be considered. Innovative microbial programs appear to 
have many environmental and economic advantages over 
conventional treatment processes.
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Biological Field Treatment Applications in Gold Heap
Leach Closures

Leslie C. Tiiuiitpson

Background

The heap leach process used for recovering gold from 
oxide and tulfide ore* it operated as a closed circuit system 
in which the cyanide process solutions are continuously recy­
cled. In i well-designed operation there is little or no dis­
charge of cyanide to the environment. Spent leached ore 
residues are water washed to remove most of the trace cyan­
ides and precious metals remaining after completion of cyan­
ide leaching. After the washing step, small amounts of 
cyanide, meul-cyanide complexes and nitrates remain in the 
residue. Most of the cyanide and nitrate residue constituents 
exist in the pore water of the spent ore rather than in the 
solid mineral fraction.

More than 90% of the complexed cyanides In a freshly 
washed ore residue are present as free cyanide or weakly 
complexed metal-cyanides. Natural volatilization and decom­
position rapidly remove most of these easily dissociable 
cyanides from the spent ore. Only the stable, strongly com­
plexed metal-cyanides, such as gold, cobalt or the ferrocyan- 
ides and other constituents such as nitrates have a long term 
persistence in the spent ore residue (Towill el ai).

Despite washing and natural removal mechanisms, 
spent ore has the potential to act is a point source of com­
plexed cyanides and nioptes for soil and groundwater con­
tamination if Inadequately contained (Huiatt et ai). The 
groundwater contamination is caused by the leaching of the 

soluble cyanide compounds and nitrates from the pore witer 
of the residue.

One of the possibilities for mitigation of the point 
•ounce of complexed cyanides and nitrates is a biological 
treatment of the residue. The biological treatment Is designed 
to degrade metal-cyanide compounds and nitrates in the spent 
ore. A biological treatment system uses naturally occurring 
bacteria that have been enhanced In the laboratory to decom­
pose meul-cyantde compounds and nitrates. The by-products 
from this microbial treatment system are natural and non­
toxic.

Cyanide meubolisro is known to occur In many bac­
teria and fungi (Knowles). Bacteria that have been implicated 
in cyanide decomposition include diverse species of the 
genera Pseudomonas (Mudder and Whitlock), Bacillus (Castric 
and Strobel), Thiobacillus (Buchanon and Gibbons), some

cyanobacteria (Ponomareva, et al), mixed populationi (G table- 
va, ct aJ), and Actinomycetes(Harris and Knowles). Bacteria 

basic cell metabolic processes. The efficient use of cyanide 
as a nutrient source depends on environmental factors such as 
site geochemistry, bacteria concentration, nutrient limiution, 
other toxins and the oxygen concentration.

Nitrogen is an essential nutrient for all living cells and 
is present as a component of proteins or nucleic icidj in the 
cell. Some bacteria obtain nitrogen from nitrates for ex­
othermic reactions or for uiimilatory processes (Payne). 
Denitrification is regulated by the presence of the enzyme 
nitrate reductase in the celL Its production in the cell can be 
stimulated by an environment low in oxygen or repressed by 
elevated oxygen tensions. The mechanism of denitrification 
is the enzymatic mediation of the nitrate reduction to nitrite 
using a cytochrome b as the electron donor. The end-pro­
ducts of denitrification are gaseous and are lost to the system.

The purpose of the laboratory and field tests was to 
evaluate the possibility of ujing an In situ biological treat­
ment method for solid spent ore residues.
The specific goals of the lab and field tests were to:

* Isolate and augment native bacteria that pos­
sessed the potential to act as a natural cyanide- 
decomposition and denitrification population,

* Test the cyanide biodecomposition potential of 
lab-produced bacteria in cyanide-leached ore 
residue,

* Measure the denitrification capacity of the tame 
bacteria in a solid residue matrix,

* Use the test dtu to complete a cost and en­
gineering study for mitigation options for a 
spent ore dump.

Definition of Bioremedialion

Bacteria have been used for treatment of organic was­
tes in municipal and agricultural waste treatment plants for 
over 50 years (Johnson ct al). In these treatment systema, 
bacteria that are native to the waste or treatment plant are
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The heap leach proce11 used for recovering gold from 
o~de and 1ulfide oru is opcntcd as a closed circuit system 
in which the cyanide process 1olution1 m continuously recy­
cled. In 1 ..-cU~sl'7"cd operation there Is linJe or no dis­
charae of cyll\Jde 10 Ille environment. Spent leached ore 
rc1iduc1 1tc water wuhed to remove most of the trace cyan­
ides and precious metal.t remaining after completion of cyan­
ide lc.u:hing. After I.he wuhing step, smaU amounts of 
cyanide, meu.l<yanlde complexes and nltn1cs remain in I.he 
resiiJue. Mou of the cyanide and nitrate residue constituents 
uist in the pore wit.er of the spent ore rather than in the 
solid mineral fraction. 

More than ~ or the complexed cyanides In a freshly 
wuhed ore re1idue are present u free cyanide or weakly 
complexed mew-cyanides. Natural volatiliution and decom­
position rapidly remove mo1t of these euily diuociable 
cyanides from the spent ore. Only the stable, 1tr0ngly com­
plexed mcw,qanides, such III aold, cobalt or the ferrocyan­
ides and other constiruenu such u ni1ntes have a long term 
pcnistcnce in the spent ore residue {Towill el al). 

Despite wuhina and narur&.I remov&.I mechanisms, 
1pen1 ore hu the ~ntial 10 ac1 u a point 1ource of com• 
plexed cyll\.idea and ni~te1 for ,oil and groundwater con­
tamination ii ln~u11ely contained (Huia11 et al). The 
groundwater c:oowninarion is caused by the leaching or the 
soluble cyll\.ide compounds and ni1n1es from the port water 
of the residue. 

One of the pouibiliriea for rruagation of the point 
,ource or complexed cyanide, ■nd nitrate, b • biologicaJ 
D'Utnx.nt or the rclidue. The blolofical 1rea1men1 II designed 
to degrade mctal,q111idc compounds 111d nitrate, in lhe apcnt 
ore. A bloloir;ical ttuDT£nt 1y11em use, natunlly occurring 
bacteria that have been enhanced In I.he laboratory to decom­
potc mcw-cyankk compounds and nitrates. The by•productJ 
from thi1 mlcrobl&.I crutmcnr system are naruraJ and non• 
IOliC. 

Cya.rudc metabolism is known to occur In many bac­
t.cria and fur\ii (Knowles). Bacteria that have been implicated 
In cy111ide dcc:ompo1ition Include diverse species of the 
genera Pseudornonu (Mudder and Whidcxk), Bacillus (Cestric 
and S1TObcl), Thiobtcillus (Buchanon and Gibbons), some 
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cyanobacteria (Ponomarcva. er aJ), mi,ed populalion1 (Grable• 
va, cl aJ), and Actinomycctes(Harris and Knowles). Bacteria 
buic cell metabolic proceuea. The efficien1 use o( cyanide 
AS a nutrient soUKe depends on environmental factors such u 
site geochemistry, bac1eria concentration, nutrient limitation, 
other toxins and lhe oxygen concentr.1tion. 

Ni1TOgen is an essential nutrient for all living cells and 
is present as a component of proteins or'•nucleic acidJ in the 
cell. Some bacteria obtain nitrogen from nitrate1 for ex­
othcnnic reaction, or for usimilatory prcccuea {Payne). 
Denitrification is rcgulared by the presence of the enzyme 
nitrate rcductase in lhe cell hs production In the cell can be 
stimulated by an environment low In oxygen or repressed by 
elcvarcd oxygen t.cnsions. The mechanism of dcniailication 
is the enzymatic mediation of the nitnte reduction IO nitrite 
using a cytochrome b u the el~tron donor. The end•p~ 
ducts of dcnitrification m gucous and &re lose 10 the system 

The purpose of the laboratory and field telll wu to 
evaluarc the possibili1y of using an In situ biological lrUI· 
mcnt method for solid spent ore residues. 
The specific goals of the lab and field tests were to: 

• 

• 

• 

• 

Isolate and 1ugmen1 native bacrcria 1h11 pos· 
sessed the poiential to 1c1 IJ • n11W'll cyanide­
decomposition and deniuilication population, 

Test lhe cyanide biodccomposition potential of 
lab-produced bacteria in cyanide-leached ore 
residue, 

Meuure the dcnilrification capaciry of the same 
bacteria in I JOlid residue maoix, 

Use the tut data to complcLe a COIi &nd cn­
ginecrin& 1rudy for mitiaation options for • 
spent o~ dump. 

Dtli.nilJon or Blortrnediallon 

Bac1eria have been used for treatment of organic wu­
t.es in municipal and agricultural was1e trc.atmcnt planis (or 
over SO years (Johnson ti al). In lhcsc lrtltmcnt aysttms, 
bacteria th&J are native to the wuLe or lrUtmenl plant are 
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used (o naturally degrade (he organic waste material to hartn- 
le.xji by-products. Until recently though, the concentration, 
complexity and high toxicity of many Inorganic Industrial 
wanes has excluded them from natural biological treatment. 
Biotechnology and bio-engineering research has made biologi­
cal remediation of industrial wastes a viable treatment tech­
nology.

Bioremediation techniques are defined as the use of 
natural or biologically augmented bacteria to remove or 

decompose an undesirable component which occurs in groun­
dwater, surface water or soil. The undesirable components 
can be any manufactured, transformed or naturally occurring 
substances which can have a detrimental effect (real or per­
ceived) on man or his environment. The key to successful 
hiotreatment of Industrial wastes Is the discovery and adapta­
tion of bacteria that are specific for biochemical degradation 
of each particular waste stream.

Reversal of contamination requires the elimination of 
the point sources of the undesirable components, as well ns, 
renovation of the waste source and resource reclamation. 
Biotreatment technologies offer an enhanced, natural solution 
to removal of complex wastej such as metal-cyanides and 
nitrates.

Bacteria source - Isolation and Augmentation

To develop an In sItu microbial treatment for cyanide 
and nitrate trace contaminants, several strains of bacteria were 
isolated from a spent ore. These native bacteria were cul­
tured and stressed in chemically defined broths to enhance 
any potential that they might have for natural decomposition 
of cyanide complexes and nitrates. Stressing the working 
populations also eliminated the non-working bacteria that 
could competitively inhibit the biotreatment bacteria.

The development sequence for cyanide biodecomposi- 
rion and denitrification is presented in Figure 1. The first 
step In microbial treatment of cyanides involved isolating 
bacteria from older leached ore residue. The assumption was 
that some of these native bacteria would be able to tolerate 
low concentrations of cyanide and perhaps be able (o use 
cyanide to meet cellular metabolic needs.

The bacteria isolated from the leached ore residue were 
tested in bench-scale tests for decomposition of free cyanide 
and total cyanide as a potassium femxyanide complex. The 
initial test work showed that native bacteria isolated from the 
residue and grown in chemically defined media would decom­
pose complexed cyanides a maximum of 30 to 50%. To 
further enhance the microbial cyanide decomposition poten­
tials. the native bacteria were biologically augmented by 
Specific culturing techniques and randomly Induced mutations. 
Final flask and column tests indicated that a population had 
been developed that would remove up to 97% of the total, 
comptexcd cyanides.

Nitrates ire a possible decomposition by-product of 
microbial cyanide metabolism and also exist in the residue as 
a processing product. The denitrifying bacteria were iden­
tified as native to the original cyanooxidans isolate and were 
selectively cultured and preserved for separate lest work. 
They were included in all cyanide decomposition populations 

to remove any nitrates that might be formed as a result of 
cyanide metabolism by the bacteria.

Flask Blolrcatmcnl Studies • Cyanide Biodecomposition 
and Drnilrificalion

Decomposition of cyanide complexes and nitrates by 
bacteria was tested in flask studies with both synthetic and 
spent ore Icnchaic solutions. The purpose of the flask studies 
was to determine if the selected bacteria could perform deni­
trification or cyanide decomposition in a controlled situation.

•<
The initial flask studies showed that an enhanced native 

strain of bacteria had been found that would remove 33 to 
30% of the fcrTocyanidcs from a synthetic solution at a pH of 
8 to II. Further stress and specific sub-culturing of the 
bacteria produced a population that would remove up to 99% 
of the fcrrocyanide complexes from synthetic solutions.

Flask tests of microbial denitrification were run with 
synthetic nitrate solutions and water from a catchment basin 
for ore leachate solutions. The results of these flask tests 
indicated that three difTerent strains of bacteria had been 
found that would biochemically denitrify the catchment pond 
solutions and nitrate synthetic solutions. The strain that 
showed the best denitrifientiun potential was the same bac­
teria used for the microbial cyanide decomposition tests. 
These bacteria removed 92% of the nitrates in catchment 
pond water that contained over 110 mg/L nitrates at the test 
start. This strain also removed 99% of the nitrates the syn­
thetic solution that contained 300 mg/L nitrates at the test 

start.

Column Studies • Cyanide Blodcromposilion and Denitrifi­
cation

Microbial decomposition of comptexcd cyanides and 
nitrates in leached ore residue was tested in column studies in 
the laboratory. The purpose of the column studies was to 
model cyanide biodecomposition and denitrification in a solid 
waste system. These tests served as a feasibility study for 
test expansion to field pilot programs. A total of six test 
columns were set up to test a percolation teach of spent ore 
with bacteria solutions. The spent ore was loaded into 6' x 
10' PVC columns and percolation leached with 2J pore 
volumes of dilute bacteria solutions. The spent ore and the 
column effluent solutions were tested during and after the 
treatment for total cyanide and nitrates.

The results of the column studies showed that the 
residue that was leached with the bacteria solution indicated a
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u~cJ 10 narunilly dcgn!l.le the organic wure mnrerlal 10 hann• 
In~ hy-products. Un1il rcc:en1ly though, the concentr:nion, 
comrlui1y lllld high 101iciry of m&ny Inorganic lndu.,rrlnl 
"'·a,,c, ha, ucluded them from nalural binlogic:tl trc:itmcnl. 
l"liotrchnnlogy and bin-engineering rc,eMth hn., ni:t1lc biologi­
ul ~mtdiation or inllu,tri11l was1es a vinhlc tJTntmcnt 1rch• 
nnlrpy. 

Biorcmcdiation trchniqucs are definrd as the u~ of 
na1ur11I or biologically 11ugmcn1ed b:ictcria 10 n:mo,·e or 
dc-cc,mposr an undcsinible component which c,ccun in iruun­
dv.·11er, surface water or 1011. The undesirable components 
can be 1ny manufactlmd, tnnsfonncd or natuffllly occurring 
~uhi11anccs which can have I dctrimcnlAI effect (real or per­
ceived) on man or his environment. The key to successful 
tiir,tTotmcnt of lndu~trial wu1es Is the di~covery 11nJ atfap1:i-
1ir10 or bacteria that Are srccific for hiochemical degr:id111inn 
of each particular waste strtam. 

Rever,aJ or con1amln1rion requires the elimination uf 
the ('('lint sourtts of the undeslfflble C(lmponcnu, u \\'Cit n~. 
rrnovarion or the wurc sou~e and re.,ource reclanuuion. 
Bio~11tmcnt rcchnologies offer an enh11nctd, natunil solutiun 
10 removal of complex wures such u metal-cy11nides :ind 
nitr111es. 

lhcltrl1 90Urt'f • 19o11llon ind Auamcntallon 

To develop an fn situ microbial trtatmcnt for cyanide 
11nd nitrBre lJ'llce con111mlnanu, 1evcrtl strainJ or bacteria were 
i~rl:i1ed from I spent on:. The~ native bacteria were i:ul-
1urr1I and stressed in chemically defined bn1ths to enh,rncc 
:iny rotcntial thal 1hey might have for nalural decomposition 
or cyanide complexes and nltn1es. Strtssing the working 
r<•r11l111ions also elimin11ed the non-working bacteria th3t 
could competitively Inhibit the blo11t11tmcn1 bacteria. 

The development sequence (or cyanide biodccomposi­
rion 111d denitrifkation is prcscnted in Figure I. The first 
,irp In microbia.J 11ta1mcnt of cyanides involved isola1ing 
h11c1eri11 from older leached on: residue. The assumplion wu 
th111 ,omc of lhue native bacteria would be able to toler111c 
low cnncentntions or cyanide and perhaps be able lo use 
cyanide 10 meet cellular metabolic needs. 

The bacteria isolated from the lcachc<l ore residue wen: 
tesltd in bench-,cale tests for decomposition of free cyanide 
11nd total cyanide as a potusium ferrocyanidc complu. The 
initial lest worlt showed tha1 native bacceria isolated from the 
ruiduc and grown in chemically defined media would dccon>• 
po~ complexed cy&nldes a maximum of 30 lo .50%. To 
funher enhance the microbial cyanide dccomposilion poten­
tials. lhe native bacreria ~~ biologically 11ugmcn1ed by 
$pccific culturing techniques and randomly Induced mu1atlon~. 
Final na,k and column tests Indicated that a population h:id 
been developed that would remove up to 97% of the total, 
comrlcard cyanides. 
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Nl11a1es are a possible decomposition by-produ<:t or 
microbi31 cy:inide mel3bolism and also uist in 1he residue u 
a rroceHing prooucr. The denitri(ying bacteria were Iden• 
lilied a~ n:,1ive to the orii:in:tl cyanooaiJ.ins isolaic and ..,,re 
selectively cultured anJ prrservcJ for scp~r11e tesr work. 
They were includcll in 311 cyanide llccumposi1ion populacions 
lo remove any ni1r:11es 1h11 might be (ormeJ u a result of 
cyanide mct:iboli~m by the bac1eri:i. 

fta~k Dlolrt'8lmtnl Sludin · Cyanid, RiodKOmposilion 
and D,nilrHicalion 

Decomposition of cyanide complelcS and nitnces by 
b3cll:ria w3s 1es1cd in nask studies wi1h bo1h syn1he1ic and 
spent ore lcnchn1c solution~. The purpose of 1he nuk uudies 
w3s 10 dc1crmine if 1he selected b:icccria could pcrfonn dcni­
trification or cyanide decomposition in a controlled siluation . .. 

The initial nask siudics showed th11 an enh1nC"Cd nativt 
strain of bec1cri11 had been found 1h31 would remove 35 to 
~0% of 1he ferrocyanidcs from • syn1hc1ic solu1ion at I pH of 
8 to 11. Funher s11ess and specific sub-culturing of the 
bacteria produced a population thal would remove up 10 99~ 
of the fcmxyanide complexes from syn1hc1ic solutions. 

Flask tests of microbial denitrification were run with 
synlhctic nilr.lle .solu1ions 1/ld water from I ca1chnxn1 buin 
for ore lcache1e solutions. The resuhs of these Ouk tests 
indice1cd 1hat three different unins of bacteria had ~n 
found that would biochemically dcnitriry the cecchmcnt pond 
solutions and nilrntc synthftic sulurinn,. The strain 1h11 
~hewed 1he hcst dcni1riricn1iun ro1rn1ial was the same bac• 
1rri:, 11~cd for lhc mkrnhi:il cynnidc dccompo~i1ion tests. 
Thrsc bae1cri3 rrmovcd 921' of the ni11A1e, in catchment 
pr,m.1 waler 1h:11 contained over 110 mg/1.. nirrncs at the lest 
srnn. Thi, strain nlso n:moved 99'l- or I.he nitn11cs the syn-
1hc1ic solu1ion 1h:i1 con1:1inc<l 500 mg/L ni11a1cs 11 the test 
st:in. 

Column Sludirs • Cyanidr Dlockromposi:ion and Dfnllrfn. 
callon 

Microbial decomposition or complCleJ cy311idcs and 
nitr:ites in leached ore rcsitfue was 1cs1ed in column studiCJ in 
1he laboratory. The purpose of the column srudies was to 
model cyanide biodecomposition Md dcnitrificarion in • solid 
w:iscc system. These tests served as a feasibiJiry study ror 
1cs1 expansion 10 field pilol program.~. A 101al or ,ix test 
columns wen: set up 10 lest I percolation leach of spent ore 
with b:ictcria solution,. The spent ore was loaded Into 6" • 
10' PVC columns and percolation leached wi1h 2,j p:n 
volumes of dilute b:icteria solutions. The spen1 ore and the 
column effiucnt solutions were tcsred during and 1ner the 
11ea1ment for 101al cyanide and nitr3les. 

The resulu of the column studies showed that the 
residue 1ha1 was lc:ichcd wilh the b:ic1eria solution indicated 1 
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Bicromedialicn Technology Developmenl

LaDoralory and Field Workplan

Figure 1. Eiotreatment development Workplan

total cyanide decomposition of 99%' in both the solid residue 
and the leachate solutions. The control residue columns that 
were water washed at the same flow rates showed that there 
was a 92% removal of the cyanide complexes from the 
residue by washing effects but that there was only on 8% 
removal in the leachate solutions. Tltese results Indicated that 
a simple water wash of the residue would relocate but not 
decompose the soluble petal-cyanides.

The results of the denitrificatiun column tests indicated 

that a 98% removal of the nitrate nitrogen was effected in the 
bacteria treated residue where the nitrates in the water-washed 
control were again washed out in leachate solutions but were 
not degraded.

Field Test Study Area

The study area for the Held tests of bioremediation 
techniques waj located In a select area of a spent ore dump 
at a mine in northern New Mexico. Four test pads were 
marked off on the surface of the dump and were located to 
avoid cross-contaminao'on between test areas. The test area 
was chosen to have a residue depth to bedrock of 33 to 43 
feet. The surface of each pad was 30 x 50 feet. The surface 
of each test pad was ripped to a depth of 20 inches to in­
crease (he surface permeability for test solutions.

The test pads were treated u follows for the.course of the 
study:

* Test Fad 81 was not created at all and served as 
a weathering control to monitor the natural 
decomposition and relocation of contaminants by 
natural forces.

• Test Pad #2 was sprayed with well water at a 
rate of 0.004 gpirVTri. This lest pad served as a 
washing control to monitor decomposition and 

relocation of contaminants due to washing 
effects.

• Test Pad #3 wu sprayed with a solution of well 
water and treatment bacteria. This test pad 
served to measure the effects of a biological 
remediation scheme using bacteria to decompose 
cyanides and nitrates in the residue.

* Test Pad 84 was injected with well water/bac- 
teria solutions. This test pad served as a com­
parison with Test Pad 83 to assess possible UV 
sterilization of bacteria In spray applications.

F.ach test area was sampled at various depths to bedrock prior 
to the test start with a hollow stem auger, split spoon samp­
ler. Residue samples were collected from each test pad at 
regular intervals throughout the course of the test and after 

the test was completed. Results of the sample analyses arc 
presented In Figures 2, 3 and 4 for cyanide biodecomposition 
and in Figures 3, 6 and 7 for denitrification. Data horn test
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Bicrcmed 1a t icn Tee hnology Oeve lop me nt 
Laboratory and Field Workplan 
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Fiqure 1. eiotreatment Ueveloµment Workpl~n 

1otal cyani<le decompo>1tion of 99% in both 1hc solid residue 
:ind the leachate solutions. The control residue columns th:11 
'Acre waler wuhed 11 1he same now rates showed 1ha1 1here 
was a 92% removal or 1hc cyanide complexes from the 
ruiJuc by washing err~u but that there was only an R'l'r 
rrmoval In the lc11cha1e solutions. Tlii:se rcsulu lnJica1cJ 1he1 
1 simple water wash of the residue wuul,1 relocate but not 
decompose the soluble g,ctal<yanidcs. 

The ruulu of the dcnitrifica1iun column 1ests inJkatcJ 
that • 98% removal of the nitrate nitrogen wu effected in the 
bacteria truled residue where the nitra1es in the water-wuhcd 
control were again washed out in leacha1c solutions but wtre 
not de graded. 

fitld Tesl Slud7 Ana 

The mldy area for the field tesu or biorcmcdia1ion 
techniques wu localed In a "lect aru of • spent ore dump 
11 • mine In nonhem New Mexico. Four teu padJ were 
marked orr on the surface or the dump and were located 10 
avoid cross<on11min1tion between test area,. The test area 
wu choxn 10 have a residue depth to bedrock of JS 10 45 
rcc1. The surface of each pad wu SO x SO reel. T11e surface 
or each test pad w1i ripped to a depth of 20 inches 10 in­
cruse the surface permeability for test solutions. 

The tell pad.J were treated u follows for the -course or the 
11udy: 

RANDOL 335 

• 

• 

• 

• 

Test Pad 11 was not ll"Cated 11 all and scrvcJ u 
a wca1hcring con1rol 10 monitor the n.11unJ 
dcco111posi1io11 :ind relocation of con1aminanu by 
na1u111I forces. 

Test Pad "2 was sprayed with well water 11 a 
Ule or 0.004 gpnvr~. This test pad served IS a 
washing control 10 monitor da:ompositinn anJ 
n:locn1inn of contaminants due 10 wohinc 
effects. 

Test Pad 13 wu sprayed with a solution or well 
water and treatment bacteria. This test pad 
served to measure the effects or a biological 
remediation scheme using bacteria to decompose 
cyanides and nitratca in the residue. 

Test Pad 14 wlS injected with ~II w11cr/bac• 
1cri1 solutions. This test pad aerved u a com­
parison with Test Pad 13 to assess possible UV 
s1crili1..ation or bacteria In spray 1pplic1dons. 

F.ach test area wa.s sampled 11 various depths 10 bedrock prior 
10 1hc ltll s1an wi1h a hollow stem auger, split spoon samp· 
lcr. Residue samples were collcc1ed from each 1es1 pad 11 
rrgulu iniervab lhrouRhout the course or the tcu and 1flc1 
the test wu completed. Rc1uhs or the sample analy1e1 an: 
presenled ln Fi1urc1 l, 3 and 4 for cyuJde blodccompotldon 
and in Fi&urcs S, 6 111d 7 ror dcnicril"ication. Data from 1c11 
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p*Jj 2 and 3 are graphed as reprcKninlive of ihe control 
compared to blotreatment.

Cyanide Bodecomposition Field Tests 
Pad •?, control lesl, water spray 

Spiay apple at on, o.OOi gpm/si

Wootj ticfftpoifte*. Iu>i9«il
!•« cM*<lt iKiiiet Aickiiivu f*f 

lOiSOtM’wt

figure 2. Control Test

Total Cyanide Bioremedialion Field Tests 
slart/iimsn average cyanide values

loin nofig

C^D1*** ch (£31911 mo c«
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iticfteo o«e ffjrove. w#ti» 01 oiciti* 
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Figure 4. Cyanide Treatment Comparison

Cyanic? Brodecomposilion Field Tests 
Pad * 3, Bacteria treatment 

spraf application, 0 oot gpmMi

M«m, tl Oj
inilimi yiocititf • • itUI 

uinaiii <1 tiijtijr tit itii«.

Figure 3. Blotreatment Test Area

figure 5. Denitrification In the Con- 

:rol Test Area

V
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Data Evaluation

The field test results Indicate that a water wash Is effective in 
relocating the cyanide and nitrate contaminants from the 
upper layers of the spent ore to the lower layers. This type 
of treatment could be acceptable if the dilution was sufficient 
to reduce the total cyanide or nitrate concentration. The 
overall decomposition of both cyanide and nitrates in Figures 
4 and 7 show that the water wash treatment only relocates 
the contaminants with no decomposition. The bacteria treat­
ment seems to decompose the cyanide and nitrates rather than 
relocating them.

Both lab and field tests demonstrate that biological treatment 
processes can successfully treat mining wastes from gold ore 
processing. Increasingly conservative regulation of the min­
ing industsy demands development of innovative, cost-effec­
tive treatments for mine wastes. Biotreatmcnt costs for
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PRODUCT AND SERVICE AaOSEMENT 
HBdA MINING, INC.
PHASE I AGREEMENT

Pintail Syrians Inc. (hereafter "PSI"), and HECXA MDQNS/INC. 
(hereafter referred to as "Client") agree as follows:

The tern of this Agreement shall ujuinenoe upon the data of 
execution by both parties and shall continue for four (4) months.
The definition of work to be performed is contained in the Proposal 
prepared for Hecla Mining, Inc., Yellow Pine Unit, entitled Pilot 
Plant Test Program, Biotreatmant of Cyanide in Heap Leach Spent Ore, 
Coluan Test Design (attached).

Chargee for such services (Hvase I) will be $22,810 payable in 
two (2) equal amounts. The first invoice will be rendered at the 
signing of this Agreement, the second invoice at the conclusion of 
the Agreement. invoices will be due and payable within thirty (30) 
days of receipt of invoice. Payments made after the thirty (30) day 
period will be subject to a penalty Interest at the rate of 12% per 
annum. Client shall, in addition, pay or reimburse PSI far all 
reasonable travel and lodging expenses in association with 
conducting this Agreement, federal, state, municipal or government 
excise, sales, use, occupational or like taxes in force or enacted 
in the future.

m order to perform hereunder, either party may find it 
beneficial to disclose to the other party specifications, drawings, 
discoveries, data, organisms, organism mixture, biological 
processes, ocoputer programs, or documentation or other technical or 
business information (herein "information) vhlch the disclosing 
party considers proprietary.

unless the disclosing party acknowledges to the contrary, all 
information obtained by the other party hereunder will be premised 
to be confidential and proprietary and will be ao treated by the 
receiving party.

With respect to Information provided under this Agreement, the 
receiving party shall:

1. Hold the Information in confidence, and,
2. Restrict disclosure of the Information solely to those 

enployeee of the receiving party with a need-to-know, and 
not disclose it to any other parties, and,

3. Advise those enployees of their obligations with respect to 
the Information, and
Use the Information only for the purposes hereunder, except 
as may otherwise be mutually agreed upon in writing.

4.
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{'oMPAAJv 
Pintail Sy5t1m11 me. (l'lerea.ttar 11PSI"), am Hl!X:7A Mnme,Vmc. 

(hereatter referred to as "Client") agree as followa: 

'Iba term ct th1s Agreement aha.11 u 1111.eroa upm the data of 
execution by both parties ard shall oont:.1l'lue tar tour ( 4) months. 
'Iha definiticm of work to J::18 perfcmned 1s oont:a.i.ned in t.ha Ptq>OMJ . 
prepared tor Hecla Ml.nll1i, InC:., YellCM Pine unit, entitled Pilat 
Plant Test Progtam, Biotreatment ot Cyanide in Heap I.each Spent Ore, 
0>1\llll\ Tast Daeign (attac:twd), 

O>arges for SlXh seIVioes (A"Asa I) will be $22, 810 payable in · 
two (2) equal amounts, 'lhe first il"Noice will be remand at the 
signing of this 1'a?eement, the seocrd imoioa at the cxn:lusicm of 
the Agreement. InVCioes will be due am payable within thirty (JO) 
days of ~ of invoice. Payments made after the thirty (30) day 
pericd will be uject to a penaJ.ty interest at the rate of 121 per 
ann..un. Client shall, in adilticn, pay or reinblree PSI for all 
~le travel am lodgiJq ~ 1n aMOCiatiat with 
ocn:luct:.in;i this Aqreeaent, federal, state, m.mici.pel or ~ 
exclsa, sales, use, oooipatia\lll. or lika taxes in foree or enacted 
in the fUtm:8. 

In order to pertom hereurder, either party may ti.rd it 
beneficial to disclose to the other party specificatiaw, drawir91, 
di.sooveriea, data, oxganisms, mganisn mixture, biological 
pux,esses, 0arplter programs, or documentatim or other technical or 
awinlss Wonnaticrl (herein • "Information) Ylic:ti the dilclosirs.1 
party cawiden prcprlatary. 

unless the disclceinq party acknoWlecqes to the ~, all 
Intcmation ct,tained by the other party hereurder will be presumad 
to be anfidential and prcprietmy am will be so treata:l by the 
reoe.ivin} party. 

With respect to Womatia1 provided urmr this Agteement, tha 
rec::eiving party shall: 

1. Hold tha Information in oonfiderol, and, 
2. Jat:rict discl.CSUA of the Inf0111111tia1 solely to these 

aiployaea ot the receiving party with a need-to-Jcnow, and 
not disclose it to art/ other pe.rties, ans, 

3. Advise these eq>l.ayee:s of their abligationll with ~ to 
the Ihfomat.icm, an4 

4. Use the Int02:1111lticn a"\ly tor the p.u-poses hereunder, except. 
as my othetw1se be lflltually agreed upon in writing. 
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The receiving party shall have no obligation to preserve the 
proprietary nature of any Information which:

Was previously Known to the receiving party free of any 
obligation to keep it confidential, cr,
Is disclosed to a third party by the disclosing party
without restriction or, _ ^ ___ . .

3. Zb or beoouMi publicly available by other than unauthorized

disclosure.

1.
2.

D* Information shall be Oaened to be the property of the 
disclosing party or its affiliates and upon request, the receiving 
party will return all Information in tangible farm to the disclosing 
party or destroy all sudi Information.

Nothing contained in this Agreement shall be construed as 
granting or conferring any rights by license or otherwise in any 
Information disclosed.

In the course of conducting discussions, axB&iting a extract, 
or providing Information PSI may disclose certain inventions, 
discoveries, inprwwwnta, procedures, ideas, research, organism 
mixtures, organises, biological processes, and cxxfutear or other 
apparatus programs (collectively "Innovations") whether or not 
patentable, oopyrightable or susceptible to other forms of 
protection. These Innovations may te conceived of or made by FBI 
and its enplqyees prior to or in the course of performance of an 
activity with the Client and the Client agrees that PSI retains all 
rights, title aid interest to such Innovations. The terns for 
disclosing Infatuation set forth and agreed to in other secticne of 
this document also apply to Irmovatios.

This Agreement shall benefit and be binding upen the parties 
hereto and their respective successors and assigns.

Notice which shall or nay be given in writing and pursuant to 
this Agreanent shall be given in writing and shall be sent to the 
other party at tte address listed below by registered or oartified 
mail, postage prepaid, return receipt rwjiested. The date of the 
postmark shall be deanBd to be the date on which such notice is 
given.

,. 
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'Iha receivinJ party shall have no ct>ligatia, to preserve th8 

~ nature of any Infcmmt.i~ \ffiictu 

1. WU previcllaly Jcncwn tc the reoe.ivin;J pe..rt:y free of afff 
ci)li.gatim to ka.p it ca,tidential, or, 

2. Is disolONd ta a thizd party by the disolosin; party 
witmzt Imtrictial, OZ', 

3. Is ar beo cnM plb.licly available 11/ other than unautharized 
disclosure, 

'lhe Informtia\ shall be C!rmed to be the pl'ql8rty of the 

discloem:J party or its affiliates an:l upcl'\ request, the receivinJ 
party will return all Intomaticn in tarqible fom to t.he discl.osm.r 
~ or destrcy all sucn Wonnaticn. 

Nathin; oc:ntained in t.h.ia hp.eanent shall be CDlStru8d as 

grant.in; or awerrinJ ant rights by license or otherwise in mt 
Intcmnati.al disclceed, 

In the aJUIN ot cxn:tuct1.rq diecossiaw, ~ a cxritract, 
or proYiding Infomatiaa PSI my disol.oee certain inventims, 
di..saNaries, ~, prooedures, ideas, reeea?'d\, Ol'ganism 
mi.xturell, organisra, biological prooeaoea, and oazp1tar' or othm' 

~tus progJ:ams (collectively "Innavatials") \tbethm- or not 
patentable, QCpYrightable or susoeptible to other fonm ct 
protectia-i. 'Ihese Innavaticrs rray be oonceived of or made by PSI 

and its eipl.ayees prior to or in the owma ot performance ot an 
activity with t.ha Client and the Client agrees that PSI ret.ains all 

rights, title am .interest to suai Innovatic:ns. 'Iba tame far 
d1scloein:J Wormaticn met forth MIS agzw:1 to in ot:har sectirm of 
this doonmnt al.80 aR)ly to Inncwt.icn!, 

'Ihis Agl8E118lt shall benetit m:1 be birdinJ upa'\ tha parties 
hareto arxl t:he1r raspectiva BUOOeSSOrs aD1 assigrm. 

Notioe lffiidt llhall army be givan in writinJ erd punzuant to 
this AgreEmant shall be given in writin;J an:! shall be sent to the 

other party at tha ~ listed belCM by registered or oartitied 
mail, post.age prepaid, return receipt reqJ8Sted.. '1he date of the 

p0Stmmc shall be desred to be the date al "1\1.d\ SlJal noti08 is 
givan. 
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Foot FSIi David D. Grldley
President
Pintail System me. 
6 Wilocx street 
Simsbury, cr 06070

Tor Client: Todd Fayrem
Unit Manager 
Hacla Mining, me. 
Yellow Pine Unit 
P.O. Boot 75 
Yellow Pina, ID 83677

All persons furnished by PSI or the Client, shall be considered 
solely anplqyees or agents of the respective parties/ and ea^i party 
Shall be responsible for ccnplianoe with the laws, rules and 
regulations involving, but not United to, employment of labor, 
hours of labor, working conditions, payment of wages and payment of 
taxes, such as unesplcyment, social security and other payroll 
taxes, including applicable contributions from such persons When 
required by law as regards it.

Each of the parties will defend, indemnify and save harmless 
the other party anl its affiliates, their successors and assigns, 
their employees and agents and their heirs, legal representatives 
and assigns from all claims or demands whatsoever, including costs, 
expenses and reasonable attorney's fees incurred cn aoownt thereof, 
that nay be made by danage to property or persons occasioned by acta 
or emissions of such party or its subcontractors, employees or 
agents or any of than arising in connection with their performance 
under this Agreement. Each of the parties will use its best efforts 
to insure that the employees ocoply with the other party's rules and 
regulations while on such party's premises.

The construction and performance of this Agreoaant will be o 
governed by and constituted in accordance with the laws of the / 
District of coluntoia.

Neither party shall use the other party's name In marketing or 
advertising without providing an advanced oopy to the other party 
and securing that party's consent In writing, Which consent shall 
not be unreasonably withheld.

Neither of the parties shall be held responsible for any delay 
or failure In performance hereunder caused ky fire, strikes, 
embargoes, requirements inpoeed by government regulations, civil or 
military authorities, acts of God or by the public enemy or other 
similar causes beyond such party's control.

. . 
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All peI9a'\S tumished by PSI or the Client, shall be oonsidered 
80lely B!pl.C7J888 or agarrts of the respeotive parties, am eadl party 
shall be responsible for CXJIPl,1.an:a with t.ha laws, NJ.es and 
regul.atic:ns involvin;, wt not limited to, ea:ploynm,t of l.abar, 
~ of labor, ~ o::niitiam, paytEZ1t of wages and payment ot 
taxes, Sld\ u uneq,loymnt, soc1 al seairity and other payroll 
taxes, incl.uding 8R)liwle <XJntriJ:utimg tran suctl perscm lil8l 

nQl.i.red l:7/ law 88 regards it. 

F.aCb ot the parties will deferd, in::tenm.ty ard save hazmless 
the othar party am ita affiliates, their suooa,zsars and assigns, 
their a,plajMS and agents m1 their heirs, legal representatives 
am assigns fraD all clai?m or demands \li'hatsoever, ircludil'l] aists, 
e>q)6nSes ard reasooable attorney's fees irnnnd a, acxnmt t.hereot, 
that my be ~ by ~ to pl'q)6rty or pel"SalS oocasioned by acts 
or an.i.ssic:rs of such party or its su!Xnrt:zactora, esrpl.c,yeas or 
agents or arrt of tllfll1 arisirr;J in cxn"Ja.-tiai with their pertm:mata 
urdar this 1'3te1:wwwnt. Bad\ of the parties will UN its best efforts 
to insure that the enployees oc:aply wit.h the other party's zul.• ard 
regulaticrm "'1hile m aldi party's prmisaa. 

'lhe calStructim 8111 pertot1J\8l'a of tJtla 1tgteaoant will be 
gcvarned by ani constituted in acxx:insanoe with the laws of the 
District of Q>lunbia, 

Neither party shall use the other party's nmna in ~ ar 
advm:iliUVi Yithcut providing an advanced ~ t.o the other' party 
am ~ t.hat party's ocnsent in writ.in;i, ~c:tl oai&ent shall 
ix,t be ~y vlthbald, 

Neither ot the parties shall be held respans11'le tor ~ delay 
or failure in performance heranSar caused t,y fire, strilca8, 
enblrgoes, requirements 4:np,eed by~ regulations, civil or 
militaey aut:horlti•, acts of Godar by the public enemy or othar 
111m1Jar c:m1ses ~ BUdl party's contml., 
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No emission or delay in the part of either party of due and 
punctual fulfillment of ary obligation shall be deemed to constitute 
a waiver by the other party of ary of its rights to require sue* due 
art! punctual fulfillment of any other obligation hereunder, rather 
similar or otherwise, or a waiver of any remedy it nay have.

If any provision or provisions of this Agreement shall be held 
to be invalid, illegal or unenforceable, the validity, legality and 
enforceability of tha remaining provisions shall not in ary way be 
affected or impaired thereby.

This Agreaifint can only be modified by written agreement Ally 
signed by persons authorized to sign such agreement on behalf of the 
parties.

If any legal claim or arbitration is brought or occmanoed by 
either party to this Agreement against the other for the enforcement 
of this Agreement or because of an alleged dispute, breach or 
default under this Agreement, the prevailing party rail be entitled 
to recover reasonable attorney's fees and other oosts in such 
actions in addition to all other relief to which said party may be 
entitled.

This Agreement sets forth the entire agreement and
understanding between parties as to the subject matter hereof and 
nmrges all prior discussions between them. Neither of the parties 
will be bound by ary conditions, definitions, warranties,
underatarclings, modification, or amendments except as expressly 
provided herein or as duly set forth on or subeoepjent to the 
effective date hereof in writing that specifically refers to this 
Agreanant and that is signed by proper and duly authorized 
representatives of the party to be band therety.

Pintail Systems, Inc. Heela Mining, me.

David D. Gridley Tbdd Fayram
President Unit Manager

Date: __Date:--------------------------------------------

. 
I 
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No ani.uiai or cielay 1n the part of either party ot due am 
pl1'd:ual fulfillme,,t ot Wf¥ cbligatia, ahall be doanld to constitute 
a waivor by the othar party ot arrt ot its rights to ~ SUCtl &Jla 

ard ~ f.'Ultillment of arrt other cbligatim hereunder, ~ 

similar or ot:helwise, or a waivw ot arrt remedy it my hava. 

If orrt prcVisic:a or pra,,isia..a ot this lqzeement shall be held 
to be invalid, illegal or unentoroaable, the validity, legali~ an:l 

enforceability of the remining provisiam &hall not in arrt ~ be 
affected or iJ1pJz13d thereby. 

'lhis Agreenant can au.y be mdified by written ~reeuast ci.lly 
11igned by persons authorized to sign such eig1eeu.at1t en behalf of the 

part!N. 

If any legal claim or amitraticn is brculht or CX1111et'Qld by 

either party to this A91eensnt against the other fart.he ~lt 

of this ~ or because ot an alleged dispJte, bread1 ar 
default under this .-qreBaent, the prevallizli party shall be entitJ.ed 
to reoove.r rea.sa'\Bble attomey's fees and other oosta in IUdl 
acticn1 in adiltial to all other reliet to ~d\ sa.1d party 'ltJltf be 

entitled. 

'lhJJi /iq'leeuer,t sets forth the entire &gXea119lit and 

~ between parties as to the subj act matter hereof am 
margas all prior d1srusEJialS bet'ween them. Neither ot t.he parties 
will be bOJn1 by 81ff conditions, definitiam, wa.rnnties, 
~, n:difioatiai, or anerdmant5 e)IDBpt as expres&l.y 

~ided herein or as <hlly set forth Cl'\ or ~ to the 

effective date hereof in writ.in; that specifically refers to th1a 
AgresnBnt an1 that is signed ~ prcpar am duly aut.ho:rued 

~tives of the party t:D be 1::nu-d thereD{. 

Pintail System' Ine. 

Cl\VUl D. Gridl.8'f 
President 

Date: ---------

Heela K1n.1rq, :r:rc. 

Qlte: ----------
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Spent Ore Bioreraedlation, Cyanide Blotreatment
i

introduction
. i

Mining operation! at Hecle Mining'* Yellow Pine Unit are reaching a point where It Jt 
appropriate to coniider detoxification of the ipent ore from the heap leoch operation!. THe 
purpose of the work suggested In this propoial li to compare biotreatment, water woshlijfc 
and peroxide treatment of the ore. Data from column teiti wjl) be used in planningJn 
Statement of Work for field treatment of spent ore cyanide detox. PSI hai deilgncd 
treatment bacteria population# that are balanced with cyanide oxidizing bacteria. A henp 
leach biodetox would be competitive with conventional treatment In time and material coitj.

Thl» propoial luggeit# a plat’ for column teiti comparing peroxide treatment and witter 
wiihei to bJoremediatlon of-spent ore. The parallel correlation or peroxide, water und 
bacteria washes will allow u*;to aisesj the feailblllty of using biotreatment to decompoie 
metal-cyanide compounds and nitrites In spent ore residue. Data from these tests will be 
used to complete a cost and engineering study for field spent ore detox.

A mix of PSI treatment bacteria proven In other applications will be adapted to the Hec 
Yellow Pine spent ore and will be applied to spent ore In a series of column treatment test*. 
Six Inch x ten foot PVC columns will be loaded with spent ore and will be leached wllh 
peroxide, bacteria or water. The application rates will be controlled end both the spent ore 
and column leachate solutions will be analyzed for total cyanide, wenk add dlssoclab’ 
cyanide and teachable metals.

Cyanide metabolism is known -.o occur In several species of bacteria. Bacteria that hove the- 
capacity for entymatlc hydrolysis of ionic cyanide or metallo-cysnlde compounds use th'e 
carbon end/or nitrogen of tho cyanide to meet nutritional needs of the cell. The end- 
products of cyanide metabolism are natural and non-toxic. Some of the reactions Involved 
in microbial cyanide oxidation Include: |j

1) 2Fe(CN)e4* + 29H20 l 6.502....... > 12CO,2’ + 12NH3 + 2Fe(OH)3(i) + 161 lj[

2) MjCNy + 2H20 + 0.5O2 ...............> M/bacterla ♦ HCO, + NHj

3) NH3...... > NH2OH HNO?.........> N02........ > NO, ;
i

4) NO,......... ... N02.......... 1* NO...........> N20............> N2 k

5) CN + bacteria........> purines, pyrimidines, cyanohydrin, formaldehyde, etc.

2
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Spent Ore BJonmodlatlon, Ot11\Jde Blotreatment 

Introduction I: 
Mlnlna opera1lon1 at H6Cla Mlnlna'• Yellow Pine Unit ere read,1"8 o rotnt where ft /1 
appropriate to consider detox~lcatlon or the 1pent ore Crom the ht.ap tench oper1tlon1, T~e 
purpoae or the work 1uge1te~ In thla propoaat f• to compare blotrcatmcnt, water w1uhl~1 
and peroxide treatment or the ore. Cata from column te,11 wJ11 be uaed In plonn{na tJI 
Statement of Work tor ncld treatment or spent ore cyanide detot. PSI he, dcalancd 
treatment bacteria populatlorrs that are balanced with ~yanlde oxiditlna bacteria, A henr 
leach biodcto" would be comp':tillve with convintlonal treatment In time and matorlol coal 
1"hf1 propoaal 1ugo1t1 a pla1· for column te1ta comparlna peroxide treatment 11nd w"ter 
waehoa to bJoremedtellon or .lpent ore. The parallel correJutlon or pero"hJe, water und 
bactorla waehea wlll allow ua :1o eness the reaafblllty of ualns blotreatment to decompose 
motal•cyanlde compound, en~ nitrate, In spent ore re.tldue. Data rrom theae te1t1 wlll bo 
used to complete a cost and i-nslneering atudy for field sper,1 me detox. 

i 
A mix of PSI treatment bactci-la proven In other eppllcatlona will be adapted to the Hecla 
Yellow Pine ,pent ore and wm be applted to spent ore In a serle-, of column treatment tut1. 
Sil Inch x ten root PVC colu;nn, wlll be loaded with ,pent ore and wlfl bo leached with 
peroxide, bacterfa or water. The appllca1lon ratet wlll be controlled end both tho 1pont nre 
and column Je1chat1 1olutlor,1 wfll be anaJyted for totul cytrnldr, wenk acid dluocla.ble 
cyanide and leaehable metals._ f j 

Cyanide metabolism la known ·:;o occur In several 1pecle1 of bacteria. Bocteda that hove ttit. 
capacity ror cniymatJc hydrolr1i1 or ionic cyanido or metaUo-cyanldo compounds use th't 
carbon and/or nltroaen of 1h(, cyanldo to meet nutritional needs or the cell. Tha end• 
product, of cyanide metabolism ere natural and non•toxlc. Some of the reacUon1 involved 
In microbial cyanide oxidation Include: ~ 

1) . 2Pe(CN)64• + 29Hi0 -~ 6.502 ·······> 12col· + 12NH3 + 2Fo(OH>J(•) + 1611f 

2) tvt_CN1 + ZH20 + 0,5b2 •·········> Mfbacterle + HC01 + NH1 , 

f; 
•: 

3) 

') 

$) CN + bacteria •······> ii'.)urlnea, pyrimidine,, cyanohydrln, formaldeh)'de, etc. 

2 ,, 
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Ubor»tory/Pilol Plant Workplan • Spent Ore Cyanide BkxJecomposItlon !

TMk L-WMt ChMMtfiriaitlwi , . , ’
At leilt 750 kg of freih ipent ore from cyanide leaching will be provided for the column
teiti. The ipent ore will be blended end sampled for cytnlde end metali analysis. At leant; 
ten iplit samples will be leeched with 5% lodlum hydroxide end dlitllled for WAD end totajj 
cyanide. A repreientatlve sample will alio be extracted for teachable metali according to: - 
the TCLP leaching procedure.; Thli pheie of the test program would take approximately: 
one week after receipt of the ibent ore.

The working population of bac-terla will be grown in spent ore infusion brothi to adapt t< > 
toxin* and available nutrient!. The cyanide and nitrogen In the ipent ore will lerve a* the 
primary carbon and/or nitrogen'lource for bacteria nutrition. Other required trace nutrlcnu 
will be provided In the chemically defined brothi. Thll part of the tost program ihould 
require one to two weeks after receipt of the spent ore.

Taik 3. BjotroattncfllTeroxife and Walk Column Pirillel Tffi»imfial.Xoili «
Blended, ipent ore will be loaeed Into six each x 10’ PVC columns at a density of 95*100 
Ibs/fl. Bach treatment will be modeled In at least two column tesis to minlmlso sampling) 
analytical and treatment errort. A bacteria, peroxide, or water solution will be applied to 
each column at norma! leach application rates (0.005 gpm/fr). Column effluent solutloni 
and temples or the spent ore vlll be analyzed during the cour>c uf the test for cyanide en<f 
leachable metali. A material balance will be completed for each column at the completion 
of the tilt. A companion ana:yili will ihow relative treatment efficiencies for each deilgn 
with total pore volumes necessary for each treatment. I

Taik-ii. Sftrtd.Column BiQU&ltncflLTctii
Spent ore will be loaded into two of the 6" x 10* columns designated for biotreatment. 
Effluent lolutloni from the second biotreatment column in the Parallel Column Tests wl 1 
be applied at the same application rates as the parallel column treatments. Effluent 

solutloni from the first series biotreatment column will be applied to the secon.l 
biotreatment column. The series column tests will provide data on bacteria activity at a total 
30 foot spent ore depth. The overall column test concept is diagrammed in Figure 1.

________ .. -CoaliViaiyili

All solution and waste solids data will be evaluated and If biotreatment compares favorably 
a scale.up cost prediction will be made for larger field treatments. The final project repo 
will summarize test data for leachate solution and spent ore analysis and will provide i 
material balance for each treatment. A diagram of the column test design is shown In 
Figure i The project tfmelin* Is presented In Figure 3.

3
i

. 
Labo.,.tory/Pilot Plant WorkpJa~ • Spent Ore ~anlde Bk>decompotftlon 

'.Iuk 1,-lYNll CbN1ctfdMtloi1 
At 1eau 750 kt of freah tpent ore from cyanide leaching wlll be provided tor the column 
teat,. The ,pent ore wm be blended end nmpted ror cyanide and metalt ana111la. At Jeut: 
ten apUt 11mp1ea wfll be leached with .5% 1odlum hydroxide and dl1tlt1ed ror W"AD and totat\ 
cyanide. A repre,entallve ,ample wlll alto be extracted ror learhehle metal• accordlna t~;­
the TCLP leachln1 procedure.~ Thl1 phe,e or the test proaram would take approxJmotclf 
one week arter receipt o( tho tbent ore. = 

.• 

Tut 2. Bocteda Adap11112n th spans Pll f ! 
The workina population or bac:1erl1 will be arown In spent ore inruslon broth• to adapt to· 
to~n• and 11van1blo nutrlenta. The cyanide and nltroaen In the spent ore wlll aerve III the 
prlmeey carbon and/or nltro1en:1ourco for ba~terf1 nutrition. Other requited lre~o nutrlcnca 
will be provided In the chemlc11Jy denned broth,. Thia part or the tost prosram ahoul~ 
require one to two week, ancr racelpt of the •pent ore . 

.-.............. --....... ~~QZCl~L.al--....... ___ "'-'-"~11111 Trqalmepl To,ta r 
Blenied, ,pent ore will be loa ed into 1lx oach 6" x 10• PVC column, at a don1ity of 9S·l00 
Jb1/f\ • Bach treatment will be modeled In at leaat two column tes1, to mlnlml10 Hmptlr11, 
analytical and treatment trron. A bacteria, peroxide, or watt1r 10tutlon wll1 be 1pp1led to 
each column at normal leach ~ppllcauon rates (0,005 gpm/Ct2). Column etnuent aoh,tlon, 
end umplu or the ,pent ore \I: Ill be 1m11l)'ull tlurin1i th" c.:ouru: uf lhe lest ror cyanide en~ 
Jcach&ble metal1. A material l·atance will be completed for each column at tho ,omptetloh 
of the test. A comparison ene=yelJ will 1how relatJve treatmont r.Wc:lenclea !or each deelan 
with total pore volumes necessary for each treatment. 1 

Iuk f, km,tJ)~lMIM Qjg1rr}atmcnt Ia&a 
Spent ore will be loaded Into· two of the 611 1 lCY. coJumnA designated for blotr~atmen1. 
Hffiuent a0Jutlon1 from the ae,:ond blotreatment column ln the Parallel Column Test• "·Ill·· 
be applied &t the 11me appl_:catlon rates aa ,ho parallel column treatment•. Brnucrit 
solutfons rrom the flnt aerlea blotreatment column will ~0 applied to the ,cct,nt' 
biotreatment column. The series column teats will provide data un bacterl11 actfvlty at a tt,ti, 
30 foot ,pent ore depth. The:overall column te&t concept i• di"irammed ln Flaure 1. 1 

Iuk ~. Paso BvaJuauo; 1odflaio:Vp Colt Anab11f l, 
All solution end waato 10lld, J.1111 will be evaluated and If biotrutment compare, fcvorohly 
e 1c1Je.up coat predlcUon will :oe made for laraer fleld treatment,. The nnal proJool reroft 
wfll aummarlie toll data for 7eacheto 1olut1on and apont ore t1naly1l1 and will provldo Ii 
material balance ror each trotm&nt. A dlegram o! the column 1e11 de1f1n t1 1hown In 
Pl,ure a. Tho project time Jin,, 1, preaented f n Flaure 3. i 

3 
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Cost Breakdown

4pent Oie Cyanide Bioremedlatfon

QfliPttlPtlvn

wine characteflMtion

biotreatment culture adaptation

column treatment teati

data evaluation

final report preparation

$2485.(0

$16,600.1 

$950.(

$2200,ol)

~rTOTAL COST $22810.

. -

Colt Breakdown 

~ponl On, <:yankle BJoremedlatfon 

" 
P.llla QapcrjptJQQ 

l w11le chara~teflzatJon 

2 bfotreatrncnt c~lture adaptation 

3 column treatm~nt tee11 

' data evaluation 

' nnal report prfPatatton 

• 
TOTAL COST SUSlO. 
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May 25, 1994

DETOX AND TREATMENT 
CONSULTING, INC,

7205 So. ChaseCourt 

Littleton. CO 80123 

303 972-0474

Dear Mr. Quick,

Mr. Martin Quick
Vice President - Operat
Dakota Mining
410 17th Street
Suite 2450
Denver, CO 80202

The use of substitutes of cyanide to extract precious metals 
has long been a subject that many companies have toyed with.

Cyanide, because of it public perception (used in executions, 
and the "Tylenol Poisoning"), has long been the rallying point of 
environmentalists to take exception to precious metal projects. As 
regulatory agencies review present mining progress in light of 
minor and major containment failures, they find that although 
toxic, cyanide has at best an ephemeral existence outside 
processing conditions. When the pH level of the receiving solution 
is at natural conditions (pH 6.5 to 8.5), free cyanide is rapidly 
removed from solution by minimal aeration. Weak Acid Dissociable 
(WAD) complexes release free cyanide at rates low enough to either 
become used as a food source by flora and micro-biota or become 
off-gassed almost immediately. This is not to say that cyanide 
released to the environment is not potentially harmful, rather 
agencies are beginning "to know the enemy and fear it less". Other 
mine associated problems (nitrates, AM(R)D, etc.) appear to be more 
of a point of contention and require the operator's attention.

But no matter how accustomed the regulators become to cyanide, 
the public perception of cyanide can be a "sticking point" for 
potentially profitable projects. Therefore, alternate lixiviants 
may be the only route open in some cases. The alternative 
lixiviants for cyanide are:

1. Chlorine Oxidation
2. Bromide/Brominated Hydantoins (with Br2)
3. Acidic Thiourea, Ferric Iron and Sulfur Dioxide
4. Thiosulfate/Copper/Ammonia

The key to any precious metal lixiviant is producing a 
chemical compound of gold or silver that is soluble under the 
aqueous conditions present in leaching. Most (if not all) leaching 
processes utilize complexation of the metal ions. The gold 
leaching chemistry utilizes complexes of both the aurous (Au+) or 
auric (Au+3) ions. Cyanide leaching produces aurous complexes as 
does thiourea (CS(NH )2) and thiosulfate (S203‘2). The other methods 
involve significantly higher oxidizing states and produce auric 
complexes. Under most circumstances, silver complexes are formed 
from the argentous (Ag+) rather than the argentic (Ag+2) ion. A 
spectrochemical series of all ligands with one metal ion is:

DETOX /'ND TREATMENT 
CONSULTING. I C. 

7 205 So. Chase Court 
l.Jttleton. COBOi 23 

303 977-0474 

Dear Mr. Quick, 

May 25, 1994 

Mr. Martin Quick 
Vice President -
Dakota Mining 
410 17th Street 
Suite 2450 
Denver, CO 80202 

By 
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The use of substitutes of cyanide to extract precious metals 
has long been a subject that many companies have toyed with. 

Cyanide, because of it public perception (used in execution/2 . 
and the "Tylenol Poisoning"), has long been the rallying point of 
environmentalists to take exception to precious metal projects. As 
regulatory agencies review present mining progress in light of 
minor and major containment failures, they find that although 
toxic, cyanide has at best an ephemeral existence outside 
processing conditions. When the pH level of the receiving solution 
is at natural conditions (pH 6.5 to 8.5), free cyanide is rapidly 
removed from solution by minimal aeration . Weak Acid Dissociable 
(WAD) complexes release free cyanide at rates low enough to either 
become used as a food source by flora and micro- biota or become 
off-gassed almost immediately. This is not to say that cyanide 
released to the environment is not potentially harmful, rather 
agencies are beginning "to know the enemy and fear it less". Other 
mine associated problems (nitrates, AM(R)D, etc.) appear to be more 
of a point of contention and require the operator's attention. 

But no matter how accustomed the regulators become to cyanide, 
the public perception of cyanide 
potentially profitable projects. 
may be the only route open in 
lixiviants for cyanide are: 

1. Chlorine Oxidation 

can be a "sticking point" for 
Therefore, alternate lixiviants 
some cases. The alternative 

2. Bromide/Brominated Hydantoins (with Br
2

) 

3. Acidic Thiourea, Ferric Iron and Sulfur Dioxide 
4. Thiosulfate/Copper/Ammonia 

The key to any precious metal lixiviant is producing a 
chemical compound of gold or silver that is soluble under the 
aqueous conditions present in leaching. Most ( if not all) leaching 
processes utilize complexation of the metal ions. The gold 
leaching chemistry utilizes complexes of both the aurous (Au+) or 
auric (Au+3

) ions. Cyanide leaching produces aurous complexes as 
does thiourea (CS(NHi)J and thiosulfate (S

2
0

3
-

2
). The other methods 

involve significant y higher oxidizing states and produce auric 
complexes. Under most circumstances, silver complexes are formed 
from the argentous (Ag+) rather than the argentic (Ag+2

) ion. A 
spectrochemical series of all ligands with one metal ion is: 
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I" < Br' < S'2 < SCN' < Cl' < OH* < Hz0 < NH3 < CN’

This series is abbreviated to drop ligands of little interest to 
the mining industry. This type of reactivity series should be used 
with caution, because it represents an over simplification of 
complexation chemistry. The strong complexes will result from 
compounds produced on the extreme right of the series and decrease 
in energy as you move to the left. The strength of the complex 
usually indicates the ease at which the complex is made, but this 
is not the only factor involved in the leaching and recovery 

process.

Chlorine

Using chlorine to leach gold is a very well known technology. 
The Miller process is used by most refineries (Handy & Harman, 
Johnson Mathney, etc.) to produce high purity metal (99.99% pure). 
Silver is insoluble in chloride solution except when sufficient 
excess chloride is present to produce complexed silver chloride 
(AgCl2", AgCl4"3) , which is soluble. The precious metal is recovered 

from solution by the same methods as cyanide complexes with similar 
loadings and kinetics. The toxicity of chlorine is extremely low 
(physiological saline contains 9000 ppm chloride). Chloride is 
more toxic to plant life than animal life, and therefore 
agricultural use determines the levels of acceptable chlorides in 
solution. The chlorine leaching utilizes various chlorine 
compounds from chlorine gas (Cl ) to hypochlorite (OC1") to chlorate 
(C103‘) . Chlorine gas and hypocnlorite have been used on refractory 
ore to consume carbonaceous material to oxidize some sulfides. 
Presently, many state regulators require a minimization of the 
amount of chlorides produced on site. The main reason is that 
throughout the West surface water is constantly acquiring chlorides 
from surface run-off, which causes extreme degradation of the 
agricultural water usage. Some states are using desalination 

processes to decrease the salt load in the waters of the state. 
Chloride removal technology is well known, but quite expensive. 
Additionally, all removal methods utilize the production of a brine 

that has to be disposed of in an environmentally safe manner (solid 
waste (non-hazardous) disposal or deep well injection). The 
chloride complex can be recovered using standard ion exchange resin 
technology, which is not the case with cyanide (due to resin 
poisoning)

Bromide/Brominated Hvdantoins

Bromine leaching chemistry is being aggressively promoted in 
the industry as a safe cyanide alternative. The Geobrom™ products 
are halogen analogs of di-methyl hydantoin and in some cases free 
bromine. Bromide LD50's are 3500 mg/kg (for sodium bromide). The 
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r- < Br- < s-2 < scN- < Cl - < ow < H2O < NH3 < cN-

This series is abbreviated to drop ligands of little interest to 
the mining industry. This type of reactivity series should be used 
with caution, because it represents an over simplification of 
complexation chemistry. The strong complexes will result from 
compounds produced on the extreme right of the series and decrease 
in energy as you move to the left. The strength of the complex 
usually indicates the ease at which the complex is made, but this 
is not the only factor involved in the leaching and recovery 
process. 

Chlorine 
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Silver is insoluble in chloride solution except when sufficient 
excess chloride is present to produce complexed silver chloride 
(Agc1

2
-, AgC1

4
-
3), which is soluble. The precious metal is recovered 

from solution by the same methods as cyanide complexes with similar 
loadings and kinetics. The toxicity of chlorine is extremely low 
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methyl hydantoin have LD50's of -600 mg/kg and 7800 mg/kg, 
respectively. Bromine leaching is inhibited by the presence of 
oxidants.

Standard recovery methods (zinc precipitation and carbon 
adsorption) are effective for bromide solution. The optimum carbon 
absorption range is a pH level of 3-5. Bromide gold complexes are 
also recovered using ion exchange resins. The optimum pH range 
various with the individual resins used. Recovery from solution is 
via zinc or hydrazine precipitation.

Reviewing the literature, it appears that bromine absorbs onto 
carbon at the same levels as cyanide, but the kinetics appear to be 
slower. The slower kinetics may require more retention time in 
absorption columns.

Thiourea/Ferric/Sulfur Dioxide Leaching

The thiourea use has been contemplated for many years, but has 
yet to catch on in "Free World" countries. The use of S02 with 
ferric/thiourea leaching has been put forth by SKW Trostberg AG, of 
(West) Germany. This thiourea leaching method seems to have 
significantly higher kinetics than thiourea/ferric leaching. The 
S02 addition also allows significantly lower thiourea consumption, 
since the material does not degrade to cyanamide and native sulfur. 
The thiourea leaching process is an acidic leaching process that 
requires the presence of condensed phase oxidants (ferric iron 
compounds or hydrogen peroxide).

Unlike the previous anionic complexes, thiourea forms cationic 
complexes. The acidic, higher oxidation levels can allow enhanced 
recovery due to breakdown of gangue minerals, such as pyrite and 
arsenopyrite. The leaching kinetics of thiourea is significantly 
faster than cyanide leaching. Additionally, elevating leaching 
temperatures significantly increases leaching kinetics. 
Temperature adjustment for cyanide is not recommended, since the 
thermo-decomposition of cyanide to ammonia and carbon dioxide is 
increased with increasing temperature. Therefore, any gains in 
kinetics are lost due to reagent depletion.

The precious metals are recovered from the leach solution by 
activated charcoal or resins (strong acid cationic exchangers or 
thiol resins).

Thiourea LD50' s are 125 mg/kg. Some of the degradation 
products of thiourea are ammonia, foramidine, cyanamide, sulfur, 
nitrate and sulfate. In the case of ammonia and nitrates, the 
degradation products are of more environmental concern that the 
reactants.
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Thiosulfate/Copper/Ammonia Leaching

The use of thiosulfate (S203~2) ion to leach precious metals 
dates back to 1858. This leaching process has the tendency to 
dissolve other heavy metal ions (i.e, copper, mercury, nickel, 

cobalt, lead cadmium, etc.), which can cause ancillary 
environmental problems. Recovery from the thiosulfate solution is 
accomplished by iron precipitation. Carbon absorption has low, 
slow absorption rates, which are not conducive to recovering the 
precious metals. Zinc precipitation works but removes copper also, 
which tends to reduce the leaching efficiency of the recycled 
solution. No mention of ion exchange resin recovery was mentioned, 
but it would seem that this method may also work effectively.

Thiosulfate has a LDS0 of 7,500 mg/kg. The environmental 
problem with this leaching method is the production of sulfate 
(secondary drinking water release standard of 250 ppm) and the 
heavy metals liberated during leaching.

Copper/Ammonia/Cvanide Leaching

The use of copper, ammonia and cyanide with high copper ores 
is a viable low toxicity cyanide leaching method. This leaching 
method requires a pH in the 6.5 to 8.5 range. Copper ammonium 
cyanide complex becomes the oxidant in this reaction, eliminating 
the need to have dissolved oxygen present. The level of free 
cyanide in this solution is kept low (10-20 ppm). Since this 
method does not completely eliminate the use of cyanide it can not 
be considered an alternate to cyanide leaching, but this method can 
significantly lower the problems associated with free cyanide in 
solution.

When using this leaching method on an ore that requires 
agglomeration, polymer must be used to bind the ore rather than 
cement or lime. Since the pH level of this leach solution must be 
kept in the range where the tri cyano copper complex is the 
predominate species, cement agglomeration can not occur and some 
other binding system must be used. This method will usually lend 
itself more readily to a Merrill-Crowe recovery system than carbon. 
When using carbon with copper/ammonia/cyanide, the tri cyano copper 
complexes load on the carbon displacing gold and silver. The 
resulting precious metal loading on the carbon is in the 30 - 50 
ounce per ton range, which would require large stripping capacities 
(2-5 tons per day for 80 - 200 ounce per day operations).

This review is only a cursory look at the various leaching and 
recovery processes that can be used to replace cyanide. Hopefully, 
this review will give you an idea of the different alternatives. 

If you have a need for these types of processes, this will allow
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you to start your search. When considering an alternate leaching 
system, look at the chlorine system first. After that, screen the 
other systems to determine which alternative method is most 
amenable to your ore. This review is not an all inclusive review 
of alternative lixiviants, but a review of technologies that have 
a chance to replace cyanide. Other potential lixiviants are 
iodine, malononitrile and aqua regia.

If you have any questions, please call me any time.
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INTRODUCTION

The advantages of using agglomeration 
in many heap-leaching applications have been 
veil documented.1

This paper presents the concept of 
agglomeration with ground pulp, vhich vill 
improve the overall extraction of gold at 
some heap-leach operations. The advantages 
are discussed together vith situations in 
which this concept could be applied. Also, 
laboratory test results from three separate 
projects are briefly reviewed.

DETAILED DESCRIPTION

A typical agglomeration circuit is 
shown in Figure 1. Ore is crushed using two- 
stage crushing to a nominal minus 1/4 inch 
and fed to a stockpile.

Cement and cyanide, together with 
barren solution, are then added to the ore as 
it is fed at a steady rate from the stockpile 
into an agglomarator. Cement and moisture 
content are controlled to form stable 
agglomerates which are then fed to heaps for 
curing and leaching. There are many 
variations to this basic circuit, but in 
general, ore is crushed to the optimum size, 
balancing cruahinq costs and gold extraction; 
and moisture and a binder are added to form 
stable agglomerates.

The idea presented in this paper adds 
a small ancillary circuit to a basic 
agglomeration circuit. This addition can be 
as simple or as complicated as the economics 
of the situation dictate.

Figure 2 shows a basic agglomeration 
circuit modified with the addition of a small 
tertiary crusher, ball mill, and thickener. 
This circuit is used to take a bleed stream 
of crushed ore, preferably with the highest 
grade available, and grind it to a pulp. The 
pulp, with or without thickening, is then 
used to agglomerate the sain stream of ore 
from the crusher stockpile. It has been well 
established*-1 that the amount of fines 

present in the ore do not affect the ability 
Co agglomerate, but moisture content is

critical to producing stable agglomerates. 
Therefore, the amount of pulp used is 
dictated by moisture required for 
agglomeration of the crushed lower-grade ore. 
It follows that if only a small percentage 
(<1S%) of high-grade pulp is available, the 
cyclone-overflow stream could be used 
directly In the agglomeration circuit. If a 
higher percentage of the ore is fed through 
the milling circuit, it may be necessary to 
reduce the moisture content of the pulp by 
thickening before it is added to the 

agglomerator.
Many other options are available, such 

am the ume of wet crushing, open-circuit rod 
milling, gravity traps, etc., provided 
moisture in the final bleed-stream pulp does 
not exceed moisture required to agglomerate 

the rest of the ore.

APPLICATION OF THE CONCEPT

The concept was developed to optimize 
gold extraction from a satellite ore body 
near our Brewer Nine in South Carolina, and 
reference was first made to this idea in a 
February 1989 paper*. The satellite ore did 
not respond well to heap leaching, and there 
were insufficient grade and tonnage to 
justify the installation of a mill facility. 
By supplementing our main Brewer ore with +20 
percent by weight satellite ore ground to 
minus 100 mesh, we found the economics of the 
satellite ore body were greatly anhanced. 
Unfortunately, in the final analysis, the 
overall grade of the ore body was lower than 
originally projected which adversely affected 

the economics.
As well as satellite ore bodies which 

may exhibit different metallurgical 
characteristics, some ore bodies have 
distinct high-grade zones which can be 
separated during mining. If these are too 
small to justify the construction of a 
CIP/CIL plant, the concept presented here can 
be used to optimize extraction from the high- 

grade zones.
Finally, there are a number of 

conventional plants that have supplementary
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hup-lucti operation* to treat tha low-grade 
ora. Host of these plant* art operating at 
maxiana mill capacity which often reduce* 
leaching time available and, therefore, 
reduce* extraction efficiency. If excess 
milled pulp i* diverted from the plant and 
used to agglomerate the ora in tha heap-leach 
■operation*, leach time in tha plant can be 
maintained to give optimum extraction and the 
heap-leach operation la improved at the same 
time.

Project 1; This or* from a Brewer Min* 
satellite or* body was comprised or 
quartzite* and/or quartz schists with free 
gold in microshear* and gold also 
encapsulated in coarse pyrite. The average 
head grade was approximately 0.07 os Au/ton. 
Bottle-roll test* run for 96 hours on this 
ore gave the following results:

Particle Size Extraction

Iflgl-PMBlngl >• *u___

APY&lfTAfigS

There are several advantages to 
agglomerating with pulp in the right 
application*.

o Significantly more gold can be
extracted from milled ore. By 
selecting the high-grade areas, 
therefore, overall gold extraction is 
improved for only a small increase in 
capital.

s> Laboratory test* completed to date
indicate agglomerates formed with pulp 
ame more stable and have improved 
permeability. This improvement
enhances tha rat* of both precious- 
metal extraction and rinsibility after 
leaching.

o Por small high-grade deposits with a 
halo of low-grade ore, precious-metal 
recoveries equivalent to conventional 
plants can be achieved without the 
expense of the installation of a CIP or 
CXL plant or the requirement and 
environmental problems of a separate 
tailings disposal area.

i/a- 44.2
1/4- 32.4

10 me*h 61.6
28 mesh 70.1
48 aesh 72.3

100 mesh 76.4

From these results, it wa* apparent 
that by grinding to 80 percent minus 100 
mesh, gold extraction could be increased by 
approximately 23 percent. Agglomerates made 
using this pulp with minus 3/4-inch Brewer 
Mine ore exhibited good strength and 
permeability.

Proi ect 2: Tha tested or* samples were 
comprised of basalt, tuff, and rhyolite. The 
tuff and rhyolita were more amenable to heap 
leaching than the basalt. High-grade ore is 
found in quartz veins throughout the deposit. 

Twelve percent of the total or* was high 
grad* and could be mined and stockpiled 
separately.

Results of 96-hour bottle-roll tests on 
the high-grade material are shown below. The 
average head grade was around 0.2 oz Au/ton.

Particle Size Extraction
(BOt Passing) *. Au

o If coarse gold is present in the high- 
grade portion of the or* body, a 
gravity trap can be installed in the 
milling circuit to remove the gold 
before it gets to the heaps where it 
would require longer leaching times for 
dissolution.

10 aesh 37.3
20 aesh 48.7
35 aesh 63.9
65 mesh 75.5

100 mesh 86.8
150 mesh 86.1
325 aesh 89.1

o The milling circuit is supplemental to 
the main crushing and agglomeration 
circuit and, therefore, can be taken 
out of service for maintenance and 
repair without impacting the whole 
operation.

o Cold extraction is accelerated and, 
therefore, cash flow is generated more 
quickly. Also, the pulp is in contact 
with a leach solution significantly 
longer then in a conventional mill, and 
extraction is therefor* maximised.

LABORATORY TEST BMB

Three relevant metallurgical test 
programs have been completed at McClelland 
Laboratories in the last year.

Proa these results it was decided to 
use an 80 percent minus 100 mesh high-grade 
pulp to agglomerate the low-grade or* at 
minus 3/4 inch in size.

Project 3: Tha ore samples evaluated were 
comprised of low-grade ore grading 
approximately 0.053 os Au/ton and separata 
high-grade ora averaging approximately 0.12 
oz Au/ton. The high-grade portion of the ore 
body was approximately 22 weight percent and 
contained visible gold.

Bottle-roll and column tests indicated 
that at an 80 percent minus 3/8-inch crush 
size, 63 percent gold extraction could be 
achieved. When the high-grade ore was ground 
to 80 percent minus 100 aesh, the gold 
extraction in a 72-hour bottle-roll test was 
99 percent. It was decided, therefore, to
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Signific.nt.ly 110re gold can be 
extracted froa :ail.led ON. By 
•ialecting tbe tiiqb-qrad area•, 
tberet'ore, overall. 9old extraction la 
illproved for on1y a IIJl&l.1 creaae in 
caii,ital. 

liaboratary teats .:coapleted to date 
bid cata aggl c:aaratea .foi'.'aad vitb pulp 
&Ja a,re •t.abl.e and have iaproved 
pa:rweab ity. Thia aproveaant 
anbancea tbe rat. of' both prw=J.oua­
-1:a .xtraction and rinai.b ity aftA.r 
1- cb1-9. 

?a%' -11 bigh-cJrade clepc,9 ta with a 
ba1'J of lc,w-grade are, prec.ioua-aeta.l 
r.cavu:: - 6ql1i al.ant to conventional 
pl..uta can be achiaved without tbe 
ape,- of the J.natallation 01' a CIP or 
c:n. plant or the ~t and 
eniriroJ'IIMfft&l prabl.- ot • aeparate 
tall.lnga cliapoa&l. &rN. 

I.t COU'M gold ia p:re.ent in the h CJD­
grade port.ion of the ore body, • 
cµ-avity trap can be ilwtalled in tbe 
a.i..J.U.ng circu t to NmOYe the gold 
be.fore it geta to the beapa vb•r• it 
vow.d Nq\liN longer l cbing U... for 
diaaol.u on. 

o The lling circuit i.a suppl. taJ. to 
the N n crushing and gqloaeration 
circuit and, therefore, can be taken 
out of' MrVice t'or .. 1ntenance and 
repair vitbout apac:t.inq tbe ole 
op.ration. 

o Gold ~ction i.a ccele.rat.ad and, 
tbaret'ore, aa-11 flow i.a genarated aore 
quickly. Also, tb• pulp la in contact 
vi th • .. cb aoluti.on ■ ¢ticanUy 
l o1199r th.an in a conventional aill , and 
extraction i.a therefoN aaxia.laed. 

1'hre. rel.vant .. tallurgical teat 
progr... have been coapleted at NcCl■lland 
Labor&torie• n the laat year. 
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Prpject 1: Thu ore traa a Brwer Min 
a.tel ita or, body was ccmprued ot 
quartzit- •nd/o:r quartz •cbiata th tree 
gold in -1.cn,eb~ -.nd 9old abo 
ancap•ul.ated in coane pyri ta. The aver 9• 
head grad• va• approxiaateJ.y 0.07 oz Au/ton. 
llott.l-rou t-t■ run for 96 tiourw on tbi,a 
ore gave the t'ollowinq result.a: 

Part.icle Sia:• 
<AP! Pa■finq1 

112• 
l./4· 

10 
29-..b 
.. ...ai 

100 ... b 

Bztract.ion 
I AP 

«.2 
.52.4 
'1.6 
70.l 
72.l 
76.4 

P'roa tbe .. reaul.ta, it va• apparent 
that by gr.inding to 80 percent ainu. 100 
.ash, gold extraction could ~ inc:raa•ed by 
approxiaataly 25 percent. Aqglo-ratea d 
using thJ.• pQJ.p v th ainua 3/4-inc:b .Brew r 
Kin• Or'■ ~ tad good •tranqt;S) and 
pe%:aeabiliJ:y. 

tr;pject 2: The test.d ora aamp .. ware 
c:oaprl.aed of baa&lt, tutt, and rbyol te. Th• 
~f and rbyol. ta w..ra a,r. ...nable to heap 
1 .. chin9 than tbe :baaalt. Bigb-gr■d■ ore la 
towxl in quart:1 veina throughout th depoait. 
'l'W.l. •• percent of the total ore va. hi. 
grade and coUl.d be ai.nad and aeoc.kp ed 
aeparate.ly. 

Rasul.ta ot 6-hour bottle-roll t6ata on 
the higb-qradAI -teri.al. &NI abown belov. Tb• 
average beed cµ1ldAI vaa &roW\d 0.2 oz Au/ton. 

Particle be 
<IQt: J>aa■ ipgl 

10 
20 
35 
65 

100 -..ab 
150 
325 ..ah 

Extraction 
t, Ay 

3'7.3 
48.7 
63., 
75.5 
86.8 
86.l 
89.l 

Jl'rotl tb • result. it • decided to 
uae an 80 parent ain~• 100 ... b higb-qrade 
pulp to ggloaerata tbe lov-grade ore at 
ainu.a 3/4 inch in ai2e . 

Prpj•ct ): 'l'h• or. ■m1pl- eval.uat.d ve.re 
ccmpriaed o~ low-g-rade ON grading 
app:roxiaatal.y 0.055 oz AU,/ton and -pa.r•t• 

igb-qrad.e o:re ve.rag 1nq pproxa. taly O. 12 
oz Au,/ton. The b -qrad.e portion ot th o:ra 
body pproxialltaly 22 -ight percent and 
cont.a ned vi■ i.ble old. 

ac,ttl-rol.l and coluan ta.ts lndicat.S 
that at ■n 80 percent. a1nua J/a-1.nch c:ruah 
aize, 65 percent gold extraction could be 
ac:b.lavad. tbe b.i9h-grade ore u ground 
to Bo percel"I llinu• 100 -.ti, the qol.d 
extraction in a 7l-hour Dottl.e-roll t■at va• 
99 percent. It "' • d c.>.decl, therefore, to 
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Jock McGregor

tqqloMrata tha lov-grads material with the 
hiqh-grads pulp at 80 parcent alnua 100 assh. 
A gold racovary of 77 parcant was achieved 
froa tha combined pulp/crushed ora 
aggloaaratad faad In 44 days of column 
leaching and washing.

COMCLPSIOM

The concept of using pulp for 
agglomeration has been presented hare. This 
technique is not suitable for all ora bodies, 
however, it should be considered whan 
evaluating ora bodies for dsvelopaent using 
aggloasration and heap leaching.

umncu
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MEMORANDUM

DATE:

TO:

FROM:

SUBJECT:

JULY 22, 1992 

MARTIN QUICK 

JIM BARRON 

GOLD RECOVERY - LATEST VIEW

A constant concern of ours is the accurate assessment of monthly gold production. Our ability to 
make such predictions is not only based on accurate estimates of overall gold recovery but also is 
critically related to trying to predict the rate at which the recoverable gold will be leached.

Many factors must be considered in making these predictions and a project history file is most 
useful when attempting to make future estimates. Unfortunately two major parameters critical to 
making reliable production forcast have changed recently.

First, the ore material is different. It is more refractory than most of the material mined thus far 
in this projects history. Because we have virtually no test data regarding gold recovery from this 
material at the current crush size, we are forced to make gold production projections based on 
information we are gathering right now.

Second, our leaching rate history is limited to average leaching times of approximately 60 days. 
This of course is a consequence of our on-load, off-load operating system of leaching. The 
combination of these two factors makes the task of accurate production calculations analogous to 
flying blind in a fog at night, i.e. prediction of problems is impossible but you'll know immediately 
when disaster befalls you.

Currently we are compiling leaching rate information on cells for which leaching times are now in 
excess of 60 days. Four cells, or portions thereof, have been under leach for 90 days or more. 
Attached is a crude graph showing the percentage of recoverable gold leached through time 
(assuming a 55% overall gold recovery). The numbers 1,2, 3, 6 and 7 correspond to the individual 
cells under leach and show their respective gold recovery at 30-day intervals.

The table below compares the average actual leach rate for all cells to the leach rate schedule used 
in the latest view forecast (Forecast 3-A). As shown here, it would appear that our "3-A" forecast 
is conservative in the first few months of leaching, but probably too liberal in the latter months, 
especially beyond 6 months (180 days).

. . • • 
MEMORANDUM 

DA TE: JULY 22, 1992 

TO: MARTIN QUICK 

FROM: JIM BARRON ~ 

SUBJECT: GOLD RECOVERY - LATEST VIEW 

A constant concern of ours is the accurate assessment of monthly gold production. Our ability to 
make such predictions is not only based on accurate estimates of overall gold recovery but also is 
critically related to trying to predict the rate at which the recoverable gold will be leached. 

Many factors must be considered in making these predictions and a project history file is most 
useful when attempting to make future estimates. Unfortunately two major parameters critical to 
making rel iable production forcast have changed recently. 

First, the ore material is different. It is more refractory than most of the material mined thus far 
in this projects history. Because we have virtually no test data regarding gold recovery from this 
material at the current crush size, we are forced to make gold production projections based on 
information we are gathering right now. 

Second, our leaching rate history is limited to average leaching times of approximately 60 days. 
This of course is a consequence of our on-load, off-load operating system of leaching. The 
combination of these two factors makes the task of accurate production calculations analogous to 
flying blind in a fog at night, i.e. prediction of problems is impossible but you'll know immediately 
when d isaster befalls you . 

Currently we are compiling leaching rate information on cells for which leaching times are now in 
excess of 60 days. Four cells, or portions thereof, have been under leach for 90 days or more. 
Attached is a crude graph showing the percentage of recoverable gold leached through time 
(assuming a 55% overall gold recovery). The numbers 1, 2, 3, 6 and 7 correspond to the individual 
cells under leach and show their respective gold recovery at 30-day intervals. 

The table below compares the average actual leach rate for all cells to the leach rate schedule used 
in the latest view forecast (Forecast 3-A). As shown here, it would appear that our "3-A" forecast 
is conservative in the first few months of leaching, but probably too liberal in the latter months, 
especially beyond 6 months ( 180 days). 
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LEACH RATE SCHEDULE OF RECOVERABLE OUNCES

MONTH

1 2 3 4 5 6 7 8 9 10 11 12
3-A Forecast 15% 16% 16% 13% 11% 8% 7% 5% 3% ,2% 2% 2%
(cumulative) (15) (31) (47) (60) (71) (79): (86) (91) (94) (96) (98) (100)

Average
Actual 30% i6% 19% .14% ?
(cumulative) (30) (46) (65) (79) ?

As a more conservative approach I recommend we look more toward Cell #6 as the norm for future 
leaching rates because of its refractory nature. The actual leaching rate for Cell #6 is compared 
below to that of the 3-A forecast.

1 2 3 4 5 6 7 8 9 10 11 12
3-A Forecast 15% 16% 16% 13% 11% 8% 7% 5% 3% 2% 2% 2%
Cumulative % (15) (31) (47) (60) (71) (79) (86) (91) (94) (96) (98) (100)

Cell #6 24% 14% 14% 6% 4% 2% 1% 1% 1% 1% 1% 1%
Cumulative % (24) (38) (52) (58) (62) (64) (65) (66) (67) (68) (69) (70)

What this means is that the process of leaching beyond 6 months is unacceptably overestimated 
in our current 3-A Forecast and should be recalculated based on the above leach rates in order to 
more accurately predict monthly gold production. I will run another forecast incorporating amore 
conservative leaching rate in months 6 through 12.

/pis
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LEACH RATE SCHEDULE OF RECOVERABLE OUNCES 

MONTH 

1 2 3 4 5. -6·· 7 8 9 io 11 12 
3-A Forecast 15o/;:-. 1p% 16% 13% 11.% .~% 7% 5"% 3% 2% 2"% 2% 
(cumulative) (15) . ·.(3·1) (47) (60) (71) ·09yo,.·(a6l (91) (94) (96) (98) (100) 

Average -·•· 
14% Actual. 30% i6% 19% ? 

(curti_4lative) (·30) (46) (65) (79) ? _:;;.:~_ 

As a more conservative approach I recommend we look more toward Cell #6 as the norm for future 
leaching rates because of its refractory nature. The actual leaching rate for Cell #6 is compared 
below to that of the 3-A forecast. 

1 2 3 4 5 6 7 8 
3-A Forecast 15% 16% 16% 13% 11% 8% 7% 5% 
Cumulative % (15) (31) (4 7) (60) (71) (79) (86) (91) 

Cell #6 24% 14% 14% 6% 4% 2% 1 % 
Cumulative % (24) (38) (52) (58) (62) (64) (65) 

1% 
(66) 

9 10 
3% 2% 
(94) (96) 

1% 1% 
(67) (68) 

1 1 12 
2% 2% 
(98) (100) 

1% 1% 
(69) (70) 

What this means is that the process of leaching beyond 6 months is unacceptably overestimated 
in our current 3-A Forecast and should be recalculated based on the above leach rates in order to 
more accurately predict monthly gold production. I will run another forecast incorporating amore 
conservative leaching rate in months 6 through 1 2. 

/pis 
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